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Abstract 
 
 
Multinuclear solid state MAS NMR (1H and 31P), 31P CSA solid state NMR, 2H 
NMR and x-ray diffraction techniques have been used to compare the structure 
and properties of DPPC: Andro and DPPC: 4β-hydroxycholesterol with that of 
the properties known of DPPC: Chol mixtures in excess water.  The formation 
of the Lo phase is known to occur with PC: Chol mixtures with sufficient 
concentrations of cholesterol.  The formation and properties of the Lo phase was 
looked at with the cholesterol derivatives Andro (lacking in the hydrocarbon tail 
present in cholesterol) and 4β-hydroxycholesterol (possessing an extra hydroxyl 
group adjacent to the one present at the headgroup region of cholesterol).  The 
Lo phase shows fluid-fluid immisibility when combined with the disordered Lα 
phase.  It is this heterogeneity that is believed to be important in the formation 
of lipid rafts, which are thought to play a role in the function of living cells. 
 
Cholesterol desorption from DOPC model membranes was examined using 
methyl-β-cyclodextrin, which has a high affinity for cholesterol and facilitates 
the mechanism of cholesterol desorption from lipid membranes.  By running a 
number of experiments, measuring cholesterol desorption from MLV’s and 
 3 
LUV’s a cholesterol flip-flop rate within DOPC model membranes was 
measured using 1H solution state NMR.   
 
A number of methods were also attempted to synthesise an asymmetric DOPC: 
DPPC membranes.  These included a split glass slides method and a modified 
version of an emulsion method as described by Pautot et al.  lipid asymmetry 
with respect to the split glass slides and emulsion methods was to be observed 
by NMR, where any cholesterol asymmetry formed via desorption by methyl-β-
cyclodextrin was to be evaluated via the use of paramagnetic NMR 
experiments, however no asymmetry was observed in either experiment. 
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Organisation of Thesis 
 
The first chapter will give a summary of phospholipids, together with the effect 
of cholesterol on phospholipid systems.  In addition, the topic of lipid rafts is 
covered, together with a review of the asymmetric nature of biological 
membranes. 
 
 
The second chapter will cover the theory of the techniques used in this work.  
The major topic will be the theory of NMR and its application to phospholipid: 
steroid systems.  A description of x-ray diffraction (WAXS and SAXS) is also 
covered. 
 
The third chapter will cover the materials and methods used in this work. 
 
Chapters four and five present the findings of the phosphatidylcholine: 
Androstene and phosphatidylcholine: 4β-hydroxycholesterol respectively.  Both 
of these chapters will consist of a brief background, the results derived and a 
discussion of the data. 
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Chapter six presents the findings of cholesterol desorption by methyl-β-
cyclodextrin from DOPC model membranes.  This chapter will also cover the 
study of membrane asymmetry using paramagnetic NMR experiments. 
 
The final chapter will give an overview of the findings presented in this work 
and suggestions for possible future work. 
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Chapter 1 
 
Introduction 
 
 
 
1.1 Phospholipid structure 
Phospholipids can spontaneously form extended structures when added to water 
as a result of the amphiphilic nature of the molecule.  Phospholipids are 
composed of a hydrophilic phosphate headgroup, which is bonded to one or 
more hydrocarbon tails.  Lipid aggregates form to maximise the interaction of 
the polar headgroup with water, and minimise exposure of the hydrocarbon 
chains to water.  The geometry and physical properties of the phase are linked 
to the nature of the phospholipids present. 
 
1.1.1 Structure and nomenclature 
Phospholipids are divided into two main classes, the glycerol-phospholipids and 
the sphingo-phospholipids, of which the glycerol-phospholipids are studied in 
this work.  Glycero-phospholipids are the main constituents of biological 
membranes and consist of a phosphate group and one or more fatty acids 
esterified to the glycerol backbone (Fig 1.1).  For a diacycl-phosphatidyl 
phospholipid, the two fatty acid chains are designated sn-1 and sn-2, which is 
dependent upon which glycerol region they are esterified to (Fig 1.1).   
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Figure 1.1:  Molecular structure of DPPC, the major lipid featured in this work.  
  
Naturally occurring fatty acid chains normally contain an even number of 
carbon atoms and are usually referred to by their common name or numerically 
which gives information on chain length, degree of unsaturation and position of 
unsaturation within the chain (e.g. Palmitic, 16:0).  Nomenclature for some 
common phospholipids is shown in table 1.1: 
 
Symbol Abbreviation Common name Systematic name 
12:0 L Lauric n-Dodecanoic 
14:0 M Myristic n-Tetradecononic 
16:0 P Palmitic n-Hexadecanoic 
18:0 S Stearic n-Octadecanoic 
20:0 A Arachidic n-Eicosanoic 
18:1(9) O Oleic cis-9-
Octadecanoic 
 
Table 1.1:  Common fatty acid chains found in phospholipids. 
 
If two fatty acid chains are present, the sn-1 chain is represented first.  For 
example, 1-palmityl, 2-oleyl-sn-glycero-3-phosphatidyl-choline (POPC) can be 
written as 16:0/18:1.  Where two identical chains are present D is used to 
 17 
express a diacyl lipid such as 1, 2-dipalmitoyl-sn-glycero-3-phosphatidylcholine 
(DPPC).  Headgroup structure may vary as well as tail moieties.  Some of these 
are listed below: 
 
Sn-3-Phosphatidic acid                   (PA) 
Sn-3-Phosphatidylcholine              (PC) 
Sn-3-Phosphatidylethanolamine     (PE) 
Sn-3-Phosphatidylserine                 (PS) 
Sn-3-phosphatidylglycerol             (PG) 
 
PC and PE’s are zwitterionic lipids with no net charge, while PS PG and PA all 
have a net negative charge and form anionic phospholipids. 
 
 
1.1.2 Lipid phases 
Lipids are able to form structures that have long-range periodicity and short-
range disorder, known as lyotropic liquid crystals.  These structures may have 
one-dimensional order, for example lamellar phases, two-dimensional order, 
such as hexagonally packed cylinders, or three dimensional order, usually in the 
form of cubic phases.   
The phase behaviour in a phospholipid system is a result of numerous forces.  In 
a lamellar phase, the formation of the bilayer is driven by the hydrophobic 
effect, which is stabilised by hydrogen bonding and Van der Waals interactions 
[1].  At the same time electrostatic interactions at the headgroup region and the 
steric repulsion of the chains act to disrupt to bilayer (Fig 1.2). 
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Fig 1.2:  Forces present in a phospholipid bilayer [1]. 
 
These forces may cause the lipid monolayer to bend around a pivotal surface, 
either away from or towards the water interface to form a Type I and Type II 
phase respectively.  Diacylphospholipids favour type II (inverse) structures as a 
result of large chain splay.   
 
Curvature may cause the bilayers to distort from a flat sheet to a bicontinuous 
cubic phase, a 3-D network which often occurs in phase diagrams between the 
lamellar and hexagonal phases.  The three cubic phases are “double diamond” 
(QDII), “primitive” (QpII) and “gyroid” (QGII) which differ in their symmetry and 
are members of the Pn3m, Im3m and Ia3d crystallographic groups respectively 
[1].  However, if the preferred curvature is large enough, the resulting distortion 
may cause the formation of a cylinder with a hydrophobic surface and a 
hydrophilic core.  These cylinders adopt a hexagonal packing and form the 
inverse hexagonal phase [1].  
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1.1.3   Lamellar phases  
The Lα phase (Fig 1.3) is thought to be the predominant phase present in plasma 
membranes.  The acyl chains of the phospholipids assume mainly gauche 
conformation, which gives this phase a high degree of disorder in the acyl chain 
region thus giving rise to this phase’s fluid-like nature.  This phase has a high 
rate of lateral diffusion [2].  The fluid phase displays macroscopic disorder in 
both the translational and the chain conformational degrees of freedom [3]. 
 
 
Fig 1.3:  Illustrative view of the fluid lamellar phase [1]. 
 
In the gel (Lβ)  phase (Fig 1.4) the phospholipid acyl chains mainly adopt the 
trans conformation which allows the lipid molecules to pack tightly with the 
chains arranged on a 2D hexagonal lattice, giving this phase its gel-like nature 
[2].  This tight packing and the trans conformation of the chains gives rise to 
increased bilayer thickness with respect to the fluid (Lα) phase [2]. Unlike the 
fluid phase, this phase has a low rate of lateral diffusion, however all the acyl 
chains undergo long-axis rotation.  This phase also has long-range translational 
order along the layer normal direction [3].   
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Fig 1.4:  Illustrative view of the gel phase [1]. 
 
The hydrocarbon chains may be either parallel to the bilayer normal (Lβ) or tilted 
at an angle of ~300 (Lβ’) [5].  Increasing temperature can melt the lipid chains and 
induce a phase transition from the gel to the fluid lamellar phase, where the phase 
transition temperature is known at the Tm.  For tilted gel phases, the transition 
may first pass through a ripple (Pβ’) phase. 
 
 
Fig 1.5:  Illustrative view of the tilted gel phase [1]. 
 
In the Lα phase, the lipid chains undergo a rapid trans-gauche isomerism (Fig 
1.5) while the phospholipid molecules have rapid long axis rotation and lateral 
diffusion.  This isomerism means that the lipid chains in the Lα phase are 
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approximately 20-30% shorter than when fully extended in the gel phase and the 
interfacial area per molecule (free volume) increases by 15-30%[6].   
 
Fig 1.6:  Chain conformations with the addition of an increasing number of gauche states[6]. 
 
The function of cellular and sub-cellular membranes is dependent upon the 
fluidity of the lamellar phase, where fluidity is as a result of a range of motional 
modes.  A phospholipid molecule in a bilayer may undergo long axis rotation, 
molecular “wobbling”, “flip-flop” and lateral diffusion.  A range of motional 
modes exist within a phospholipid molecule, including bond vibrations, torsional 
oscillations and trans-gauche isomerisation.  
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1.2 Membrane architecture 
 
In 1972 Singer and Nicholson [7] developed the fluid mosaic model to describe 
membrane structure.  This model describes lipids as a “sea” in which largely 
monomeric proteins float, exposing the bilayer surface to an aqueous 
environment (Fig 1.7). 
 
 
Fig 1.7:  Singer and Nicholson fluid mosaic model, designed in 1972 [7]. 
  
However, research since has shown that the distribution of both protein and lipid 
is not random; with both proteins and lipids grouping together to form lipid-lipid, 
lipid-protein, and protein-protein interactions (Fig 1.7).  [8]   
 
Also, membrane thickness may not be as uniform as the fluid mosaic model 
suggests.  The fluidity of the lipids and the rigidity of many membrane-spanning 
proteins suggests that membrane thickness is as a result of lipid distortion to 
“match” the protein (Fig 1.7).  [8]  
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Fig 1.8: An amended version of the Singer Nicholson model [8]. 
 
 
1.3 Asymmetry in the membrane bilayer 
 
The transbilayer distribution of the four major phospholipids in human 
erythrocytes – PC, SM, PS and PE-was established more than 20 years ago 
through the use of side-specific phosholipases by Verkleij et al in 1973 and 
Zwaal et al in 1975.  These studies showed the choline-based lipids, such as PC 
and SM are mainly located in the outer leaflet, whilst the aminophospholipids, 
such as PS and PE are largely found in the inner leaflet of the membrane [9].  
Trans membrane orientation of lipids influences membrane structure and the 
function of various membrane-bound enzymatic systems.     
 
Lipid asymmetry is maintained largely by the substantial thermodynamic barrier 
to passive flip-flop, which permits only very slow trans-membrane diffusion [10].  
The half time for phospholipid flip-flop ranges from hours to days [11], 
depending on the chain length, the degree of unsaturation and the nature of the 
lipid headgroups [12].  In the human erythrocyte, flip-flop rates are dependent on 
the phospholipid acyl chain length and the degree of unsaturation. 
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Significant contributors to the maintenance and dissipation of asymmetry are 
enzymes that catalyze the movement of lipids across the membrane.  There are 
three major enzymes.  These are discussed below: 
 
Fig:  1.9 Diagrammatic view of  the regulation and physiology of membrane phospholipid 
asymmetry [13]. 
 
Aminophospholipid-specific translocase (flippase), transports PS and PE from the 
outer leaflet to the inner leaflet, and is ATP dependent (Fig: 1.8) [14].  For every 
ATP molecule hydrolysed, one lipid is moved across the membrane.  This 
enzyme has a half–life of translocation of approximately 5-10 mins [15].  Devaux 
et al who measured the ATP-dependent uptake of spin-labelled analogues in 
human erthrocytes first reported the activity of flippases. 
 
The ATP dependent non-specific floppases, transport lipids from the inner leaflet 
to the outer leaflet (Fig: 1.8) of the bilayer.  These enzymes have slower half–
lives of translocation of approximately 90 minutes [15].  
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Ca2+ dependent scramblases (Fig: 1.8) act to dissipate lipid asymmetry [10] [14].  
This is discussed below in section 1.4. 
 
1.4     Consequences of loss of asymmetry 
 
1.4.1   Apoptosis  
In general, apoptotic cells lose the asymmetric distribution of PS across the 
plasma membrane by bringing it to the outer surface of the bilayer, where it 
serves as a signal for phagocytosis [16].  When cytosolic levels of Ca2+ are 
increased, translocase – which acts to establish and maintain lipid bilayer 
asymmetry, is inhibited.  At the same time scramblase – which acts to randomize 
lipid distribution, is activated, bringing PS to the cell surface, causing the cell to 
now be a phagocytotic target [17] [18].  Removal of apoptotic cells is important 
as failure to do so may have pathological consequences [16]. 
 
1.4.2   Disruption of signal transduction pathways 
The presence of PS in the inner monolayer of the membrane is vital for lipid-
protein interactions [19].  If asymmetry is lost then the concentration of PS 
located on the inner leaflet of the membrane may be reduced, decreasing the 
number of PS molecules that may bind with protein kinase C, thus disrupting 
signal transduction pathways [20]. 
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1.4.3 Regulation of haemostasis and thrombosis 
It is thought that the binding of activated platelets to proteins associated with 
coagulation is dependent upon PS exposure.  Evidence also suggests that PS in 
the outer leaflet of erthrocytes invokes abnormal adherence to vascular cells.  It is 
this process that is thought to be associated with disease states such as sickle cell 
disease, diabetes and malaria [20]. 
 
 
1.5     Model membranes 
Because biological membranes are highly complex, models are examined and 
analysed in their place.  There are several well-known methods for preparing 
model membranes.  The details of these are given below: 
 
 
 
1.5.1 Extrusion  
Liposomes of defined size have been prepared by sequential extrusion of 
multilamellar vesicles through polycarbonate membranes [21]. 
 
1.5.2 Swelling   
Here, the lipid is dried from chloroform on a roughened Teflon disk to leave a 
thin film over the whole surface.  The film is re-hydrated above Tm to ensure 
reliable production of vesicles [22].  
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1.5.3 Reverse evaporation 
Here lipid is dried from solvent in vacuo and the system is purged with nitrogen.  
The lipid is then re-dissolved in the organic phase, an aqueous phase added and 
the system sonicated.  The organic solvent is then removed under reduced 
pressure [23]. 
 
1.5.4 Lyopholisation 
The lipid is dissolved in the minimum amount of cyclohexane (plus a drop of 
methanol to aid dissolution) and sonicated for ~20mins.  The lipid is then cooled 
with liquid nitrogen and placed under vacuum overnight. 
 
 
1.6 Cholesterol within the membrane 
 
The behaviour of cholesterol within membranes has been the subject of much 
interest in recent years [6, 24-47].  Cholesterol is a rigid molecule that is strongly 
hydrophobic, hence does not dissolve in water (and some polar organic solvents) 
[25].  Cholesterol belongs to a group of compounds known as sterols or steroids 
[25]. Unlike phospholipids, cholesterol does not have a large headgroup area; the 
only functionality present is a hydroxyl group, hence cholesterol may be thought 
of as a secondary alcohol, and therefore only weakly polar. Cholesterol is no 
longer seen as a static, stable structural component of membranes, but as a 
molecule that is trafficked within cells. 
 
Cholesterol in the anhydrous state undergoes two transitions; a polymorphic 
crystalline transition at 39oC and a crystalline to liquid transition at 151oC [36].  
In the human body, cholesterol exists in three physical states: solid, liquid 
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crystalline and dissolved in a liquid.  Cholesterol has a very low solubility in 
water (~10ppm) at room temperature.  Cholesterol also exists in a solubilized 
form complexed with cytosol proteins and in the liquid core of plasma 
lipoproteins and the cholesteryl ester-rich liquid phase of atherosclerotic plaques.  
The liquid crystalline state in association with phospholipids is the most abundant 
physical state within the body. 
 
 
Fig 1.10:  Molecular structure of cholesterol. 
 
Sterol structure plays a vital part in their biological role, for example ergosterol 
(found in yeast) cannot be substituted for cholesterol in a mammalian cell.  The 
main function of cholesterol is to control the structure of cellular and sub-cellular 
membranes.  Because cholesterol cannot form a stable bilayer of its own, there is 
a maximum solubility of cholesterol within phospholipids [42].  When the 
cholesterol concentration exceeds this solubility limit, it phase separates and 
cholesterol crystals are formed.  In humans, this causes diseases such as 
atherosclerosis [48], gallstones [49] and is possibly linked to the onset of 
Alzheimer’s Disease [50]. 
 
In the presence of cholesterol, chain disorder within lipids is reduced, which 
reduces the cross-sectional area per lipid.  This is called the condensing effect, or 
the condensed complex model [51].  Cholesterol can also act like an impurity, 
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inhibiting the formation of a gel phase by disrupting the lipid packing.  
Cholesterol is therefore capable of forming a fluid lamellar phase with ordered 
hydrocarbon chains, the liquid ordered (Lo) phase.  The liquid ordered phase 
exhibits a high degree of chain order, fast lateral diffusion and long axis rotation 
of the lipid molecules.  Like the Lα phase the Lo phase exhibits no ordered in-
plane packing of the phospholipid chains due to the rapid motion of the 
phospholipid molecules.  Lateral diffusion rates within the Lo phase vary with 
temperature and composition, but are on average 2-3 times slower than that of the 
Lα phase [52]. 
 
Models have been suggested for the interaction of cholesterol with phospholipids.  
McConnell et al [37] have suggested that the condensing effect of cholesterol is 
as a result of the formation of oligomeric reversible chemical complexes formed 
between cholesterol and phospholipids.  Huang and Feigenson have presented an 
alternative model, based on pair-wise interactions between nearest neighbours 
[53], where the phospholipids act as “umbrellas” shielding the hydrophobic 
cholesterol from the polar surface.  This is known as the “umbrella model”.  At 
high cholesterol contents the phospholipid headgroup is not large enough to 
“shield” the cholesterol and crystalline cholesterol precipitates out of the 
membrane.  However, this model does not account for findings from mixtures of 
fatty acids with cholesterol which show formation of a Lo phase without the 
presence of an umbrella. 
 
Cholesterol has various affinities with different phospholipid chains, which 
correlates to the gel to fluid transition temperature of the system.  Lipids with a 
high degree of saturation exhibit a strong preference to cholesterol, since these 
lipids possess little chain splay allowing cholesterol to induce a fully extended 
chain with ease.  Unsaturated phospholipids show a low affinity for cholesterol 
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since the chains possess high degree of chain splay and therefore have a large 
molecular area per phospholipid. 
 
There are still a number of questions regarding cholesterol and its role within the 
membrane.  Of particular debate is cholesterol “flip-flop” rate within 
phospholipid bilayers and the effect of different lipid compositions on the rate of 
“flip-flop”. 
 
1.7    Lipid Rafts 
The membrane contains a wide variety of lipids, indicating their role goes further 
than simply providing a semi-permeable membrane.  There is a general opinion 
of the presence of lateral heterogeneity within the membrane.  This heterogeneity 
is introduced through the varying affinity of cholesterol for different lipids such 
as sphingomyelin.  In higher concentrations, cholesterol forces the lipid into the 
Lo phase, which co-exists with the Lα phase, producing a fluid membrane with 
patches of high chain order.  These domains provide an environment for specific 
proteins to form functional “hotspots” [30]. 
 
Fig 1.11:  Illustrative view of a lipid raft. 
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When it was realized that epithelial cells polarize their cell surfaces into apical 
and a basolateral domain with differing protein and lipid compositions in each 
of these domains, the lipid raft concept was conceived.  The idea of assemblies 
of sphingolipids and cholesterol functioning as platforms for membrane 
proteins was supported by the observation that these assemblies appeared to 
survive detergent extraction.  This observation led too much published research 
in which raft association was equated to resistance to Triton-X100 detergent 
extraction at 4°C.  Other research used depletion of cholesterol with methyl-β-
cyclodextrin, to show the loss of detergent resistance at low cholesterol 
concentrations.  However these papers led to controversy within the field, with 
questions such as “Do lipid rafts exist in membranes or are they just artefacts of 
detergent extraction?”  The addition of a detergent such as TritonX-100 may 
affect the phase behaviour of the lipid and may actually promote the formation 
of raft domains (or detergent resistant membranes) DRM’s).  Also, TritonX-100 
extractions are performed at low temperatures, which are well below the gel-
fluid phase transition of many sphingolipids and saturated 
glycerophospholipids, and although the density of the gel phase has been shown 
to not match that of the DRM’s, temperature clearly has an influence on these 
systems.  Cholesterol is also not without pitfalls, where the removal of 
cholesterol is known to increase membrane permeability and disrupt the 
equilibrium of the cell [54].    
 
Despite this controversy the field continued to grow with increasing support for 
a role of lipid assemblies in regulating several cellular processes.  The lipid 
microdomain model provided a means by which newly synthesized lipids could 
be sorted before being transported to the cell surface.  Further work on the 
distribution of glycosphingolipids (GSL) and glycophosphatidylinositol (GPI)-
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anchored membrane proteins suggested that both classes of membrane 
molecules trafficked in the same unit, adding weight to the raft model. 
 
Biochemical data showed that sphingolipids and GPI-anchored proteins were 
insoluble in TritonX-100, notably when cholesterol was present.  The 
trafficking of detergent resistant membranes (DRM’s) was followed and their 
compositions examined.  The fractions were found to contain approximately 
equimolar concentrations of glycerophospholipid: sphingolipids: cholesterol 
(34:36:32) [6], with a much greater concentration for both cholesterol and 
sphingolipids than found in membranes.  These studies redefined the lipid raft 
model to include both cholesterol and sphingomyelin [46]. 
 
The limitations of both DRM’s and methyl-β-cyclodextrin to deplete membrane 
cholesterol has led to the field moving toward fluorescence techniques to 
identify clusters of raft proteins, however these results do not report on the lipid 
or cholesterol concentration and some proteins have a tendency to  cluster 
together without showing any affinity for lipid rafts.   
 
1.8   Flip-flop of cholesterol and fatty acids in membranes 
 
1.8.1   Desorption of fatty acids from membranes 
Desorption of fatty acids from a monolayer (Fig: 1.10) has been measured by 
monitoring the transfer of fatty acids from a donor such as a phospholipid 
vesicle to an acceptor such as another vesicle or albumin, however early studies 
could not define whether the transfer kinetics described transfer kinetics, 
desorption or both.  More recently, knowledge of the upper limit of the rate of 
flip flop of different fatty acids has allowed the study of desorption of 
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numerous fatty acids from membranes.  The rate of desorption is highly 
dependent upon the degree of unsaturation in the hydrocarbon tails and the 
length of the hydrocarbon tail [55].  
 
Fig 1.12:  Showing flip-flop and desorption of fatty acids and cholesterol from a bilayer.  A 
phosphatidylcholine bilayer is illustrated with N representing the choline group, P the phosphate 
group and 1 and 2 the sn-1 and sn-2 chains [55]. 
 
 
 
1.8.2   Flip-flop of fatty acids in membranes 
The common fatty acids (14-18 carbons with various degrees of saturation within 
the hydrocarbon tail) have a simple molecular structure which has made tracking 
their movement across a phospholipid bilayer difficult (Fig: 1.10).  Early studies 
by Doody et al in 1980 used fatty acids with a covalently attached fluorescent 
group such that transfer from donor vesicles to acceptors could be measured.  
However, because the measurements were indirect it was not clear as to what 
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process was being measured and whether the fluorescent label affected the rate of 
movement.  Two newer methods are more direct and allow rapid measurements 
with unmodified fatty acids without separation procedures.  One method exploits 
the ionization properties of fatty acids in a phospholipid interface to monitor the 
movement of the headgroup across the bilayer.  The second method entraps 
fluorescent acrylodan-labelled FABP inside membranes and detects the fatty 
acids as they arrive in the inner aqueous compartment.  However this method 
includes the desorption mechanism which makes the kinetics more complicated 
than with entrapped pH dye protocols [55]. 
 
1.8.3   Cholesterol desorption from phospholipid bilayers 
Desorption of cholesterol from bilayer membranes has been measured by transfer 
experiments that separate donor and acceptor vesicles by column 
chromatography, with variable reports on the t1/2 of desorption (Fig:  1.10).  A 
new approach using NMR to monitor transfer of cholesterol without separation 
has been devised by Johnson et al [56].   
 
The mechanism by which cholesterol leaves the bilayer is via movement of the 
cholesterol molecule out of the phospholipid surface such that it becomes 
surrounded by water.  This mechanism is unfavourable since cholesterol is 
hydrophobic and so the probability of cholesterol escaping into an aqueous 
environment is very low, requiring another mechanism for rapid removal of 
cholesterol from a bilayer.  The activation-collision mechanism works via 
cholesterol being partially, but not totally surrounded by water, where it is picked 
up by an acceptor explains the rapid transfer of cholesterol to cyclodextrins (see 
section 1.7.4), which can approach the bilayer surface closely to capture a 
“projected” cholesterol molecule [55]. 
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1.8.4   Cholesterol desorption facilitated by cyclodextrins 
Cyclodextrins make up a family of cyclic oligosaccharides, composed of 5 or 
more α-D-glucopyranoside units.  Typical cyclodextrins contain a number of 
glucose monomers ranging from six to eight units in a ring, creating a cone shape, 
thus denoting: 
 
α-cyclodextrin – six membered ring 
β-cyclodextrin – seven membered ring 
γ-cyclodextrin – eight membered ring 
 
Cyclodextrins (Fig:  1.11) are produced enzymatically from starch and have 
found a wide range of applications in recent years such as in food, and the 
pharmaceutical and chemical industries.  Cyclodextrins are also the chief active 
compound in the deodorizing product Febreeze (Procter and Gamble).  
 
 
 
Fig 1.13:   Structure of α-,  β- and  γ- cyclodextrins [57]. 
 
Production of cyclodextrins is via the treatment of starch with the enzymes 
CGTase and α-amylase.  The starch is liquefied by heat or treatment with α-
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amylase, and then CGTase is added for the enzymatic conversion.  CGTase 
synthesizes all forms of cyclodextrins, giving a product that is a mixture of the 
three main types of cyclic molecules.  Purification takes advantage of the degree 
of solubility in water. β-cyclodextrin is very poorly water soluble and so can be 
isolated via crystallisation, where the more soluble α and γ cyclodextrins are 
purified via chromatography.  
  
The cyclodextrin structures can be topologically represented as toroids (doughnut 
shaped), where the primary and secondary hydroxyl groups are exposed to the 
solvent.  Because of this, the interior of the toroids is not hydrophobic, but is less 
hydrophilic than the aqueous environment so is able to host other hydrophobic 
molecules (such as cholesterol).  The exterior, however, is sufficiently 
hydrophilic to allow water solubility of both cyclodextrins and their complexes. 
 
The formation of cyclodextrin complexes greatly modifies the physical and 
chemical properties of the host cyclodextrin.  This has attracted interest in many 
fields including pharmaceutical applications, where cyclodextrins complexed 
with hydrophobic molecules are able to penetrate body tissue and thus may 
release biologically active compounds under specific conditions.  In most cases 
this mechanism is controlled via pH change of water solutions, leading to the 
cleavage of ionic and/or hydrogen bonds between the cyclodextrin and its “guest” 
molecule.  In the food industry methyl-β-cyclodextrin is used for the preparation 
of cholesterol free products, where the cholesterol is complexed within the 
cyclodextrin rings, which are then removed, leaving a “low-cholesterol” food 
product. 
 
This work will concentrate on methyl-β-cyclodextrin (Fig: 1.12). Although both 
β-cyclodextrin and methyl-β-cyclodextrin complex with cholesterol, methyl-β-
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cyclodextrin is found to be the most efficient, where the cholesterol- methyl-β-
cyclodextrin complex is highly soluble in aqueous solution.  As well as the 
production of cholesterol-free products, methyl-β-cyclodextrin is also used in 
research to disrupt lipid rafts by removing the cholesterol from the membrane 
(see section 1.7). 
 
Fig 1.14:  Structure of methyl-β-cyclodextrin. 
 
1.8.5   Cholesterol flip-flop in membranes 
Because cholesterol does not have a large headgroup area, the measurement of its 
flip-flop within the bilayer has proved more difficult than that of fatty acids and 
thus far has not been measured directly.  There has been a wide ranging result for 
the upper limit of flip flop ranging from seconds, [58] [59] to hours [60] [61].  
Questions have arisen as to whether the widely used cholesterol oxidase method 
[59] perturbed the membrane and hence the degree of accessibility of cholesterol 
to the enzyme.  There have been several studies done which show fast flip-flop of 
cholesterol.  One study monitored the reduction of the spin-labelled analogues of 
androstane and cholestane by an impermeable reagent and estimated flip-flop of 
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both analogues in SUV’s [62]. In another study the fluorescence of the 
cholesterol analogue dihydroergosterol is measured, following its transfer from 
SUV or LUV to cyclodextrin [63].  However, although the structural differences 
between cholesterol and dihydroergosterol is small, their physical properties 
within membranes can be quite different [64] which may affect the rate of flip-
flop.  
 
The flip-flop of bile acids has been reported and quantified via NMR 
measurements of the exchange of bile acid molecules between the inner and out 
leaflets of SUV’s.  One method perturbed one NMR signal and detected the 
response from the other signal [65].  Unlike transfer methods, such as the 
cholesterol oxidase method, this approach suggests that flip-flop is a dynamic 
ongoing process that does not depend on a concentration gradient.   
 
1.9      Project aims 
   
1.9.1 Phase behaviour of 5-androsten-3β-ol (Andro) 
This work analyses the difference in phase behaviour between cholesterol and 
Andro.  Cholesterol and Andro are highly similar in structure, both containing the 
ABCD steroid ring system.  However, Andro does not have an alkyl tail (Fig 
1.15) attached to it.  This section therefore concentrates on the importance of the 
alkyl tail to the function of cholesterol within the membrane.   
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Fig 1.15 Comparison of the structure of 5-androsten-3β-ol (A) and cholesterol (B). 
 
The major method used here is solid state Nuclear Magnetic Resonance (NMR).  
This method is non-invasive and is able to provide information on the dynamics 
and the anisotropy and the orientational ordering of the system.  X-ray scattering 
techniques will also be used to confirm the phase of the system and analyse the 
nature of the lipid packing. 
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1.9.2 Phase behaviour of 4β-hydroxycholesterol 
 
In a similar manner to that of the Andro and Chol work described above, this 
work analyses the difference in phase behaviour between cholesterol and 4β-
hydroxycholesterol.  Cholesterol and 4β-hydroxycholesterol are even more 
similar in structure than that of Andro, both containing the ABCD steroid ring 
system.  However, 4β-hydroxycholesterol (Fig 1.16) has an extra hydroxyl group 
attached to it.  This section therefore concentrates on the importance of the 
headgroup region to the function of cholesterol within the membrane.   
 
 
 
 
Fig 1.16:  Molecular structure of 4β-hydroxycholesterol. 
 
Again, the major method used for this work is Solid State NMR, however X-ray 
analysis is also used (SAXS and WAXS). 
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1.9.3 Cholesterol desorption with methyl-β-cylcodextrin: Chol flip-flop 
 
This work analyses the rate of cholesterol flip-flop within model membranes via 
cholesterol desorption with methyl-β-cyclodextrin, using a kinetic model to 
extract the cholesterol flip-flop rate.  The major method used here was solution 
state 1H NMR experiments with integration of the resultant spectral peaks.  A 
second section was also attempted here, where the aim was to look at asymmetry 
in the lipid membrane via the use of Cu2+, Fe2+ and Fe3+ ions using a 
paramagnetic NMR method.  Asymmetric synthesis was also attempted here 
using two methods; the emulsion method and a split glass slides method (see 
chapter 6 for further details).  However no asymmetry was seen via the NMR 
experiments attempted. 
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Chapter 2 
 
Theory 
 
2.1 Nuclear magnetic resonance (NMR) 
 
2.1.1 Fundamentals of nuclear magnetic resonance  
 
Nuclear magnetic resonance [66], [67] probes the weak radio frequency signals 
generated by atomic nuclei in the presence of an external magnetic field.  Purcell, 
Torrey and Pound first discovered this in 1945 and independently by Bloch, 
Hansen and Packard.  The adsorption of radiofrequency radiation arises from 
nuclear spin, a property of all atomic nuclei in quantum mechanics.  The 
magnitude of spin angular momentum is given by:   
 
Ltot = [I(J+1)]1/2 ħ 
 
Where ħ is the Planck constant divided by 2π and the spin quantum number is I .  
J may have one of the following values: 
 
J = 0, 1/2 1, 3/2, 2 
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Nuclei with I=0 have no angular momentum and no magnetic moment and cannot 
be observed with NMR.  The spin quantum number of a nucleus is determined 
largely by the number of unpaired protons and neutrons in the nucleus of the 
atom.  A nucleus with odd numbers of protons and neutrons generally has an 
integral, non-zero quantum number because the total number of unpaired 
nucleons is even and each of them contributes ½ to the quantum number. 
 
Spin angular momentum is a vector quantity; its direction, as well as its 
magnitude, is quantized.  The angular momentum of a spin I nucleus has 2I+1 
projections onto an arbitrary axis, for example the z-axis.  Therefore the z 
component of I is quantized: 
 
Iz = mħ 
 
Where m, the magnetic quantum number has 2I+1 values in integral steps 
between +I and –I: 
 
m = I, I-1, I+2….-I+1, -I 
 
The angular momentum of a spin ½ nucleus such as 1H or 13C has two permitted 
states, I = +/- ½ ħ, and a nucleus with I = 1 has three possible states, I = 0, +/- ħ.   
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Fig 2.1: Removal of spin state degeneracy upon the application of a magnetic field (The Zeeman 
effect). 
 
The magnetic moment of a nucleus is intimately connected with its spin angular 
momentum.  The magnetic moment µ is directly proportional to I with a 
proportionality constant γ which is the gyromagnetic ratio: 
 
µ = γI 
 
In the absence of a magnetic field, all 2J+1 orientations of a spin-I nucleus have 
the same energy.  This degeneracy is removed when a magnetic field is applied:  
the energy of a magnetic moment µ in a magnetic field B is minus the scalar 
product of the two vectors: 
E = - µ.B 
And hence: 
E = -mħγB 
 
The energy of the nucleus is shifted by an amount proportional to the magnetic 
field strength, the gyromagnetic ratio and the z component of the angular 
momentum.  The 2J+1 states are equally spaced, with energy gap ħγB.  The 
selection rule for NMR is Δm = +/-1 and so the allowed transitions are between 
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adjacent energy levels.  The physical properties for nuclei used in this research 
are shown below: 
 
Isotope Spin (I) Natural 
abundance 
(%) 
Gyromagnetic 
Ratio (γ) 
NMR freq at 
11.743T (MHz) 
1H ½ ~100 267.522 x 106 -500 
2H 1 0.015 41.066 x 106 -76.75 
13C ½ 1.1 67.283 x 106 -125.72 
31P ½ ~100 108.394 x 106 -202.61 
12C 0 98.9 N/A N/A 
Table 2.1:  Isotopes of atoms encountered in this report and their properties. 
 
In the absence of an applied field the distribution of the nuclear spin is random 
with no net magnetic moment. Once an external magnetic field (B0) has been 
applied, nuclear spins align with or against the field and rotate around the field at 
an angle dependent on their angular momentum prior to the application of the 
magnetic field.  A single nucleus gives rise to a magnetic moment, which rotates 
at some speed around the applied field.  This is called the Larmor frequency and 
is proportional to the magnetic field strength.   
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Fig 2.2: A spinning charge with angular momentum J, such as a proton, gives rise to a 
magnetic moment, µ (= γJ).  In a magnetic field its axis of rotation precesses around the 
direction of the field.  
 
When placed in the external field the nuclei spread themselves amongst the 2I+1 
energy levels according to the Bolzmann distribution.  The ratio of populations of 
the two levels is:  
nupper/nlower = e-ΔE/kT 
 
Where ΔE = ħγB and K is the Boltzmann constant.  The magnitude of the 
splitting is small and large applied magnetic fields are required to observe the 
transitions between the higher and lower energy states.  It is therefore crucial to 
optimise signal strengths by using strong magnetic fields to maximise ΔE. 
 
2.1.2 Relaxation 
 
The build up of magnetization, M produced by, for example, a 90° pulse does not 
precess in the xy plane indefinitely.  The population of energy levels, which are 
equal immediately after a 90° pulse, returns to thermal equilibrium, the Bolzmann 
distribution at time t.  This process is approximately exponential and can be 
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characterized by a single time constant, T1.  The build up of longitudinal 
magnetization is given by: 
 
Mznuc(t) = Meqnuc (1-exp{-(t-ton)/T1}) 
 
Where Mznuc is the z component or longitudinal magnetization, Meqnuc is the 
equilibrium value of magnetization along the z axis and ton is the time at which the 
magnetic field is applied.  T1 is the longitudinal relaxation constant.  Removing 
the external field returns degeneracy to the energy states and longitudinal 
relaxation decays, and is given by: 
 
Mznuc(t) = Meqnucexp{-(t-toff)/T1} 
 
The T1 is dependent upon the nucleus and the mobility of the sample, where T1 
values can range from ms-s and even to hours or days.  Longitudinal relaxation is 
usually measured with the inversion recovery method: a 180° pulse aligns M 
along the z-axis and then, after a variable time, t, a 90° pulse monitors the amount 
of magnetization present.  By repeating the experiment for a range of values of t, 
the T1 time constant can be determined. 
 
Observation of the longitudinal magnetization is difficult due to large 
diamagnetism of the sample, dominated by the electrons, which are four orders of 
magnitude greater than the contribution from nuclear spin.  This is overcome by 
measuring the magnetism perpendicular to the applied field by application of a 
radiofrequency (r.f) pulse. 
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For a large collection of spins at equilibrium, there is no net magnetism in the 
x-y plane.  The total magnetism of the sample is stationary and is aligned 
along the z-axis.  
 
 
Fig 2.3: Out of a large collection of spins, a small surplus have their z components aligned 
with the applied field, so the sample becomes magnetised in that direction.   B1 is the applied 
magnetic field. 
 
 
However, observation of longitudinal magnetism is difficult to detect directly due 
to the relatively large diamagnetism of the sample.  This problem is overcome by 
the application of a 900 pulse.  The sample magnetism and the B1 field vector are 
static, with one along the z-axis and the other along the x-axis.  These magnetic 
fields (perpendicular to one another) exert a torque around B1 and the sample 
magnetism is driven around the B1 field vector, eventually passing through the x-
y plane.  If B1 is turned off as soon as the sample magnetism hits the x-y plane 
this is a 90° pulse, where sample magnetism is completely transferred to the x-y 
plane giving maximum signal. 
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Fig 2.4:  When the rf is on, the sample magnetism is driven round onto the x-y plane.  After 
the pulse is over the sample magnetism gradually relaxes back to thermal equilibrium.  
 
 
Projecting the sample magnetism vector (rotating around the z-axis) onto the x 
and y axes decomposes it into two radio signals which are measured as the FID 
(Free Induction Decay).   
 
Once the 90° pulse has been applied the precession of spins continues and hence 
so does the net magnetism.  The precession of the net magnetism is at the Lamor 
frequency.  In the same way as longitudinal relaxation, molecular motion causes 
small perturbations to the Lamor frequency of the applied field and the system 
gradually relaxes to thermal equilibrium.  The decay of transverse magnetism is 
given by: 
 
Mznuc(t) = Meqnuc cos(ω0t)exp(-(t)/T2) 
 
Mznuc(t) = Meqnuc sin(ω0t)exp(-(t)/T2) 
 
Where T2 is the transverse relaxation constant and is often described as a loss of 
phase coherence between the individual spins. 
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2.1.3 Detecting NMR signals 
 
Longitudinal relaxation cannot be directly measured, but may be measured and 
recorded perpendicular to the applied magnetic field.  A pulse creates 
magnetization that precesses in the x-y plane.  This magnetization is detected by a 
coil in the NMR probe and constitutes the free induction decay (FID).  The FID is 
the sum of many oscillating waves of differing frequencies, amplitudes and 
phases.  It is detected using two orthogonal detection channels along, for 
example, the x and y axes. 
 
To give a spectrum with a high signal to noise ratio many FID’s are recorded.  To 
give maximum signal strength from a FID, the sample magnetization must reach 
thermal equilibrium after each successive scan.    
 
 
2.1.4 Single pulse excitation 
 
Single pulse excitation is the application of a 90° pulse.  The sample magnetism is 
driven around the B1 field vector at a speed depending on the field strength, 
eventually passing through the x-y plane, bringing about a rotation of the sample 
magnetisation through 90°.  The use of the 90° pulse is important since all other 
pulses leave some of the sample magnetisation along the z-axis, where it creates 
no signal.  Only the component in the x-y plane is precessing in the manner 
required to generate voltages in the receiver coil.  Therefore, 90° pulses generate 
maximum signal. 
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2.1.5 Chemical shift 
 
Chemical shifts arise because the field, B, actually experienced by a nucleus in an 
atom or molecule differs slightly from the external field B0, the field that would 
be felt by a nucleus stripped of its electrons.  In an atom, B, is slightly smaller 
than B0 because the external field causes the electrons to circulate within their 
atomic orbitals.  This induced motion generates a small magnetic field B’ in the 
opposite direction to B0.  The nucleus is thus shielded from the external field by 
its surrounding electrons. 
 
B’ is proportional to B0 and so the field at the nucleus may be written: 
 
B = B0 – B’ = B0(1-σ) 
 
Where σ is the constant of proportionality between B’ and B0 and is known as the 
shielding or screening constant.  As a result of nuclear shielding, the resonance 
condition becomes 
 
V = γB0(1-σ) 
      2π 
 
The frequency of a nucleus in an atom is slightly lower than that of a bare 
nucleus: 
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Fig 2.5:  Energy levels in a spin ½ nucleus.  The resonance frequency of a nucleus in an atom is 
slightly lower than that of a bare nucleus, stripped of all its electrons. 
 
 
Similar effects occur for nuclei in molecules, except that the motion of the 
electrons is rather more complicated than in atoms and the induced fields may 
either augment or oppose the field, however the effect is still referred to as 
nuclear shielding.  Both the size and sign of the shielding constant are determined 
by the electronic structure of the molecule in the vicinity of the nucleus.  The 
resonance frequency of a nucleus is therefore characteristic of its environment. 
 
The shielding constant σ is an inconvenient measure of chemical shift.  Absolute 
shifts are difficult to determine and so the chemical shift is defined in terms of the 
difference in resonance frequencies between the nucleus of interest (v) and a 
reference nucleus (vref), by means of a dimensionless parameter δ: 
 
Δ = 106(v-vref) 
           vref 
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The frequency difference v-vref is divided by vref such that δ is a molecular 
property, independent of the magnetic field used to measure it.  The factor 106 
scales the value of δ such that δ values are quoted in parts per million (ppm). 
 
The reference signal is obtained by adding a small amount of a suitable 
compound to the NMR sample, which for 1H and 13C is usually tetramethylsilane 
(TMS).  The single peak associated to his molecule is assigned a δ value of 0. 
 
1H chemical shift ranges for some of the common organic functional groups is 
shown below: 
 
Fig 2.5:  Chemical shift ranges for common functional groups in 1H and 13C NMR spectroscopy 
using a TMS reference. 
 
In the solution state, single peaks within the spectrum from individual 
environments are split as a result of scalar coupling.  This tool is invaluable for 
structure determination, but is not used extensively in this project and so is not 
discussed in depth. 
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2.1.6 Heteronuclear decoupling 
 
Scalar coupling is not a dominant interaction in solids, however there are spin-
spin interactions which may cause the signal to broaden.  For example, a 13C 
nucleus is often subject to coupling from nearby 1H nuclei.  This interaction can 
be decoupled by applying a constant r.f. field to the 1H nuclei at the Lamor 
frequency   
 
 
2.1.7 Nuclear overhauser effect (NOE) 
 
Decoupling for a period of time before acquisition gives rise to a phenomenon 
called the nuclear overhauser effect (NOE), which produces signal enhancement 
through previously disallowed relaxation pathways.  This effect is largely used in 
heteronuclear experiments and gives information in internuclear separations much 
more directly than spin-lattice relaxation.   
 
 
Fig 2.6:  Energy levels for a pair of spin ½ nuclei I and S, showing the six possible relaxation 
pathways. 
 
Consider a pair of dipolar coupled spins ½ nuclei, I and S, which give rise to four 
energy levels (Fig 2.6).  Of the six relaxation pathways open to the two coupled 
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spins, four correspond to a single spin flipping and are spin-lattice relaxation 
processes, i.e. α1↔β1 or . αS↔βS.  The other two relaxation pathways are cross 
relaxation pathways in which I and S relax together i.e. α1α1↔ β1β1 as a result of 
chaotic molecular motion, combined with mutual dipolar interaction.  This causes 
the fluctuating local fields experienced by I and S to be correlated and so the 
nuclei can undergo simultaneous spin flips.  The WIS0 and WIS2 processes are 
pathways that allow the spin state populations to return to equilibrium. 
 
Consider a radiofrequency is applied to spin S of sufficient strength to saturate 
both S transitions (αIαS↔βIαS and βIαS↔βIβS) to equalize the populations of all 
four energy levels.  This has no effect on the population differences across the I 
transitions.  If we suppose that all relaxation pathways are insignificant except W-
2
IS (an unrealistic but convenient approximation), this relaxation route transfers 
population between αIαS and βIβS and restores the equilibrium populations of 
those two states.  The population differences across the I transitions is now 
greater, i.e.: cross relaxation has transferred magnetization from the saturated S to 
its dipolar coupled partner I.  Conversely, if S is saturated and the W0IS process is 
dominant, the populations of αIαS and βIβS are restored to their equilibrium values, 
giving a reduction in the population difference across the I transitions and so a 
reduction in the intensity of the I resonance.  The NOE can be quantified by a 
parameter η, defined in terms of I the perturbed NMR intensity of spin I, and i0 its 
normal intensity: 
 
η = i-i0 
         i0 
 
The approximate argument given above gives extreme values for η of +1/2 and -
1/2.  Maximum homonuclear NOE is indeed ½. But the minimum is 1.  In reality 
neither  
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W2IS or W0IS dominates the other relaxation pathways and η is somewhere 
between the extremes. 
 
NOE is extremely useful as a source of information on molecular structure.  NOE 
has an r-6 dependence of the cross relaxation rates and in principle gives 
internuclear distances directly, however in practise this can be a little more 
involved.  Estimates of relative separations can often be obtained if the pairs of 
nuclei concerned are undergoing similar motions and if they have comparable 
contributions from other, non-polar, relaxation mechanisms.  NOE is therefore 
useful to decide whether two nuclei are close to one another or not and despite its 
limitations, it is an invaluable source for structural data. 
 
2.1.8 Solid state NMR 
 
Solid state NMR is subject to the same physical laws as the solution state.  The 
contributing factors may be seen from the following equation: 
 
H = HZ + HD + HJ + HCS + HQ 
 
Where H is the sum of all interactions, HZ is the Zeeman interaction, HD is the 
dipolar interaction, HJ is the scalar coupling, HCS is the chemical shift interaction 
and HQ is the electronic quadrupolar interaction. 
 
The differences between solution and solid state NMR are as a result of the 
angular dependence of a number of these terms, except the Zeeman interaction 
and the scalar coupling.  The quadrupolar interaction only occurs for nuclei with a 
spin greater than 1/2.  The dominant contributions in the solid state are the 
chemical shift anisotropy and the dipolar interactions.  
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2.1.9 Chemical shift anisotropy 
Chemical shift is heavily dependent upon the angle that the chemical shift 
tensor makes to the applied magnetic field – this is chemical shift anisotropy.  
In the solid state, chemical shift is affected by both intermolecular and 
intramolecular interactions, due to the close packing of solids.  For a single 
crystal the chemical shift varies when the angle of the crystal to the magnetic 
field is altered, giving rise to sharp peaks at varying σ values in the spectrum 
(fig 2.7).  However, amorphous solids are aligned in varying orientations, 
giving rise to a distribution of chemical shifts which is known as a powder 
pattern (or CSA pattern). 
 
Fig 2.7: Change in the chemical shift when the angle of the crystal is altered relative to the applied 
magnetic field.  
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2.1.10 Dipolar coupling 
Dipolar coupling arises as a result of dipole-dipole coupling between nuclei 
in close proximity to each other.  This effect may be intramolecular or 
intermolecular.  A single spin experiences only one magnetic field and gives 
rise to one isotropic peak.  One neighbouring spin produces two possible 
configurations and two neighbouring spins yield four possible 
configurations, two of which are degenerate.  However addition of more 
spins produces more and more possible configuration, giving rise to more 
and more peaks.  A typical sample has a huge distribution of spins which 
gives rise to a large distribution of configurations and produces a broad 
(averaged) peak (fig 2.8).   
 
Fig 2.8: The effect of dipolar interactions of a given nucleus (shown in black) with increasing 
numbers of interactions.  
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The magnitude of the dipolar coupling depends on the gyromagnetic ratio of each 
of the spins and the distance between spins.  This causes particular problems 
when recording a solid state spectrum for protons due to their large gyromagnetic 
ratio and almost 100% abundance.  The effect of dipolar coupling is removed via 
magic angle spinning (see section 2.1.11). 
 
 
2.1.11 Magic angle spinning (MAS) 
 
As previously stated dipolar coupling has an angular dependence and is zero 
under the following equation: 
 
3cos2θAB – 1 = 0 
 
Where a solution to this equation is: 
 
θAB = arctan√2 ≡ θm ≈ 54.74° 
 
Where θm is the magic angle and is the angle between the (1, 1, 1) direction in any 
co-ordinate axis.  Dipolar interactions are removed by spinning the sample at the 
magic angle (fig 2.9) to the applied magnetic field.  Sample spinning speeds can 
vary, but the frequency of rotation must exceed the magnitude of the dipolar 
coupling to completely remove the effect of dipolar coupling, else spinning 
sidebands are observed within the envelope of the coupling, separated by intervals 
of νMAS. 
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Fig 2.9: Magic angle spinning (MAS), where the sample is macroscopically rotated in a rotor at 
the angle 54.7° to the applied magnetic field. 
 
Magic angle spinning also removes chemical shift anisotropy by averaging the 
chemical shift tensor.  If one considers the axes of a cube, where the angle 
between the opposite corners has an angle θm to the vertical: 
 
 
Fig 2.10:  Equivalence of orientations by rotation around the magic angle (x=y=z). 
 
If the sample is spun at sufficient speed a spectrum is produced with each 
chemical shift represented by a single isotropic value, (σiso). 
 
σiso = 1/3 (σxx + σyy + σzz) 
 
As previously stated, insufficient spinning speed gives rise to spinning sidebands 
within the CSA envelope.  Since both CSA and dipolar coupling have the same 
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angular dependence, it is not possible to measure the magnitude of the 
contribution from each interaction (associated to the magnitude of the spinning 
sideband) using the pulse sequences used in this work. 
 
 
2.1.12 Quadrupolar interactions 
 
Certain nuclei may have a spin which is greater than 1/2.  The quadrupolar 
nucleus studied in this work is deuterium, and this section will concentrate on 
deuterium NMR. 
 
The quadrupolar interaction for deuterium is far larger than both the dipolar 
interaction and the chemical shift interaction.  When the applied magnetic field 
strength is high, the Zeeman interaction is greater than the quadrupolar 
interaction, therefore the quadrupolar interaction may be considered to be a small 
perturbation to the Zeeman effect.  The Zeeman splitting of a nucleus with a spin 
of one produces three equally spaced energy levels.  A non-spherical distribution 
of electron density gives rise to an electric field gradient which can interact with 
the quadrupole and cause a traceless first order perturbation to the Zeeman 
interaction. 
 
The result of this is a spectrum with two maxima, separated by the quadrupolar 
splitting, where the splitting is centred about the Lamor frequency.   
 
 
 
 
 
 62 
2.2 Solid state NMR of liquid crystals 
 
NMR has been used extensively to study liquid crystal systems.  However, the 
use of high resolution NMR techniques is dependent upon complete averaging of 
chemical shift anisotropy and dipolar coupling through molecular tumbling. 
 
Incomplete averaging occurs where the nuclei under observation do not sample 
sufficient orientations to the applied magnetic field.  This applies particularly for 
a large molecule or an aggregate of smaller molecules (such as micelles) which 
tumble slowly with respect to the NMR timescale. 
 
Liquid crystals also suffer from incomplete averaging of dipolar coupling and 
CSA, since they are anisotropic fluids.  This section deals with the motional 
averaging present in liquid crystals and shows how this gives rise to the 
characteristic signals for the phases discussed above. 
 
2.2.1 31P solid state NMR of phospholipids 
 
Most lipids in the cell membrane are phospholipids that have a phosphate group 
within the headgroup region, which may be analysed and provide information on 
headgroup motion and orientation.  Much of the published material is 
concentrated on the form of the CSA patterns which provide insight as to the 
phase of the lipid system and the degree of motional averaging around the 
headgroup region. 
 
A single pulse experiment of a phospholipid bilayer in a multilamellar vesicle 
(MLV), shows one broad line with a width of ~50ppm, where the lineshape of 
this peak is dominated by 1H-31P coupling and chemical shift anisotropy.  The 
heteronuclear dipolar coupling is averaged by fast molecular motion for a fluid 
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liquid crystal, but can also be removed via saturation of the 1H frequency.  The 
heteronuclear coupling is independent, however the CSA varies with field 
strength and the contribution from CSA decreases with increasing field strength.  
Homonuclear coupling is negligible since the distance between neighbouring 
phosphate groups is large (6-8Å). 
 
The electron density is not distributed spherically around the 31P nuclei and the 
shielding of the phosphorus is weakest along the axis with the lowest electron 
density [68].  The principal axis of the chemical shift tensor (matrices which 
represent the fact that electron density is not parallel to the magnetic field) may be 
calculated from the complete rotation pattern of a single crystal, such as 
phosphoethanolamine or Barium diethylphosphate [68], which serve as an 
approximation since phospholipid systems do not form sufficiently large crystals 
easily.  
 
 
Fig 2.12: 31P chemical shift tensors in the molecular frame for diethylphosphate.  White circles 
plus R group = diethyl functionalities.  Large black circle with attachments = phosphate group 
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The σ11 element of the chemical shift tensor is approximately perpendicular to the 
O=P-O- plane and the σ22 is approximately bisecting the O=P-O- angle and σ33 is 
approximately in the O=P-O- plane (fig 2.12) [69].  For liquid crystals such as 
those studied a powder pattern [70] in the spectrum is produced as a result of the 
different orientations the crystals may take to the applied magnetic field.  The 
principle values of the phosphorus chemical shift tensor can be extracted from the 
spectrum through established fitting methods, and are typically σ11  = -80ppm, σ22 
= -20ppm, σ33 = +110ppm [70]. 
 
2.2.2 31P solid state NMR of lamellar phases 
 
The motional properties of the phospholipid molecule and conformational 
exchanges around the phosphate region cause a reduction to the maximum 
chemical shift tensors.  The long axis rotation in a liquid crystalline bilayer 
system represents a limiting situation where the static chemical shift tensor, σp is 
averaged to give an effective tensor σeff which is axially symmetric around the 
director axis (the axis of molecular motion). 
 
        σ11   0   0 
σp =    0     σ22  0 
                                                                0    0  σ11 
 
        σ┴   0   0 
σeff =    0     σ┴  0 
                                                                0    0  σ║ 
Where, σ║ and σ┴ are the aspects of the chemical shift tensor parallel and 
perpendicular to the director axis.  Therefore: 
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σ11 + σ22 + σ33 = σ║ + 2 σ┴ 
 
The isotropic chemical shift tensor is: 
 
σiso = 1/3 (σxx + σyy + σzz) = 1/3(σ║ + 2 σ┴) 
 
And the anisotropic part of the time averaged tensor is: 
 
Δσ = σ║ - σ┴ 
 
 
For unaligned bilayers, such as MLV’s, the spectrum is in the form of a powder 
pattern, where the edges of the powder pattern are σ║ (low intensity) and σ┴ 
(high intensity) (fig 2.13).  In the gel-phase, Δσ is much broader than for a fluid 
lamellar phase.  This phenomenon may therefore be used to give the point at 
which a gel-fluid phase transition occurs (fig 2.14).  Also, Δσ depends upon the 
angle of the phospholipid head group with respect to the molecular axis. 
However, this technique only measures the change in headgroup motion and 
does not account for motion within the lipid chains.  At temperatures far lower 
than the Tm, the phosphate motion is reduced to such an extent that the system is 
no longer axially symmetric, which may correspond to the formation of a sub 
gel or crystalline lamellar phase. 
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Fig 2.13: 31P chemical shift tensors for a MLV powder pattern in the Lα phase. 
 
 
 
Fig 2.14: 31P CSA patterns of a phospholipid MLV system in the gel phase and the fluid-lamellar 
phase. 
 
In order to rationalise the observed Δσ values a low temperature model was 
proposed by Griffin et al [69], which assumes rotation for the headgroup tilted at 
45° to the bilayer normal.  If the rotation is sufficiently fast, the model produces 
an axially symmetric tensor Δσ = -69ppm, which agree with experimentation.  At 
 67 
higher temperatures the bilayers have an increased number of degrees of freedom, 
which makes modelling problematic. 
 
 
2.2.3 31P solid state MAS NMR of lamellar phases 
 
31P CSA patterns are broad (typically 50ppm) when compared to the isotropic 
chemical shift range of phospholipids (typically 3ppm), which can make it 
difficult to distinguish individual lipids or the effect of additives such as 
cholesterol on the phosphate headgroup with 31P CSA.  However the contribution 
of CSA and dipolar coupling may be removed via the use of magic angle 
spinning, which gives rise to a spectrum comparable to a solution state spectrum 
(fig 2.15). 
 
At a magnetic field strength of 14.1T the phosphorus Lamor frequency is 
242.2MHz and Δσ is 12kHz, therefore the sample must be spun at the magic 
angle at speeds greater than 12kHz to completely remove the contribution from 
CSA and dipolar coupling.  Spinning at this speed however causes frictional 
heating of the sample and so slower speeds of 3-5 kHz are employed, which give 
rise to spinning side bands at intervals of υMAS. 
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Fig 2.15: 31P MAS NMR spectrum (black) and CSA pattern (grey) of a phospholipid in the fluid 
lamellar phase. 
 
 
31P MAS spectra of the fluid lamellar phase give rise to a single well defined peak 
at the isotropic chemical shift, with a typical half height peak width of 
approximately 50Hz as a result of large conformational freedom around the 
phosphate headgroup.  The gel phase gives rise to a broader peak width as a result 
of a greater distribution of chemical shifts due to slow molecular motion within 
the headgroup in this phase.  The peak width of a 31P MAS spectrum may be used 
to give an indication of the lipid phase present as a function of temperature, which 
becomes an invaluable tool should more than one lipid species be present. 
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2.2.4 2H solid state NMR of phospholipids 
Deuterium is a quadrupolar nucleus and so is not dominated by dipolar coupling 
or CSA, but by electronic quadrupolar interaction.  The natural abundance of 
deuterium is very low (<1%), making natural abundance studies very difficult 
with NMR.  However, deuterium may be added selectively into a molecule 
synthetically, and if necessary selectively. 
 
The magnitude of the quadrupolar splitting for a C-2H bond is dependent upon the 
angle of that bond to the applied magnetic field.  The maximum quadrupolar is 
rarely observed due to the effect of motional averaging, with a typical value for a 
methylene being 50 kHz for a gel phase and 25 kHz for a fluid lamellar phase.   
 
Motion within the lipid chains may be measured directly from 2H NMR and 
although individual positions along the hydrocarbon chain may be analysed, it is 
more convenient to use a perdeuterated phospholipid such has DPPC-d62 and 
record the spectrum of the entire lipid chain as a function of temperature.  The 
powder patterns produced by the gel and fluid lamellar phases are both distinctive 
and characteristic of that phase (fig 2.16). 
 
 
 
Fig 2.16:  2H NMR spectrum of a perdeuterated phospholipid in the gel phase (bottom) and the 
fluid lamellar phase (top). 
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The gel phase gives rise to a featureless peak, with only the central peak arising 
from the terminal methyl of the hydrocarbon chain defined.  The lack of fine 
structure indicates that the chains are effectively rigid on the NMR timescale, 
with the exception of the terminal methyl group which still has significant motion 
in this phase.   
 
In the fluid phase the rate of molecular motion along the long axis exceeds the 
NMR timescale and the resulting quadrupolar splittings correspond to the order 
parameters for an individual C-2H chain segment.  For the fluid phase, 
quadrupolar splittings are small, with the most conformationally restricted carbon, 
nearest the interface giving a quadrupolar splitting of ~25 kHz, reflecting the high 
degree of disorder within the lipid chains in this phase. 
 
The quadrupolar splittings are expressed in a more convenient form, known as an 
order parameter.  The order parameter is extracted from the quadrupolar splitting 
when the C-2H bond is aligned parallel to the applied magnetic field, however for 
a perdeuterated sample the number of overlapping C-2H bonds makes this 
approach difficult to achieve directly.  It is possible to eliminate this difficulty by 
aligning sample bilayers on glass slides, which may then be rotated through an 
angle to the applied magnetic field; however this method does require lengthy 
sample preparation [71]. 
 
As a result of these difficulties, researchers have developed a numerical method 
called depakeing, which calculates the required quadrupolar splitting directly 
from the powder pattern [71].  A number of methods have been employed, such 
as the iterative method, fast Fourier methods and complete analytical solutions 
[72].
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Each splitting can be assigned to a chain position in either the sn-1 or sn-2 chain.  
Order parameters do not offer a complete description of the motions within a 
sample, but they do give us information as to the orientation and conformational 
dynamics of the lipid chains.  The order profile for C2-C5 chain segments, nearest 
to the interfacial region give rise to an order parameter of the greatest magnitude, 
with the magnitude of the order parameter decreasing as we move down the lipid 
chain segments towards the centre of the lipid bilayer.   
 
The introduction of cholesterol systematically raises the magnitude of the order 
parameter for each lipid chain segment; however there is still a trend towards 
increasing disorder towards the centre of the lipid bilayer.  It is thought this 
reflects an increase in chain order as a result of the presence of cholesterol.   
 
2.2.5 13C solid state NMR of phospholipids 
While much information may be gained from 2H NMR, it does require the use of 
an isotopically enhanced sample, and this may be very expensive.  The use of 13C 
MAS provides an alternative, where 13C has a natural abundance of 1.1%. 
 
Spinning the sample at the magic angle removes chemical shift anisotropy, giving 
a spectrum that is dominated by chemical shift interactions.  This spectrum may 
then be manipulated using standard pulse programmes to gain an insight into 
structure and dynamics.  NOE may be used to selectively enhance mobile 
molecular segments in close proximity to protons, while cross polarisation 
techniques may be used to enhance signals from immobile or slow moving 
regions (for example liquid-crystal domains). 
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For a crystalline or gel phase, the rate of motion is slow with respect to the NMR 
timescale, giving rise to broad peaks within the spectrum(fig 2.17).  The signals 
arising from the interfacial region (65-75ppm) are broadened are a result of a 
greater distribution of conformation in this phase.  The hydrocarbon chains (10-
40ppm) also experience a similar broadening, and occur at higher chemical shifts 
than what might be expected of a solution of monomers (discussed below). 
 
 
Fig 2.17:  13C NMR spectrum of a phospholipid in the gel phase (bottom) and the fluid lamellar 
phase (top). 
 
 
In the fluid phase, exchange is rapid with respect to the NMR timescale, 
occurring faster than the observation of the signal.  This gives rise to sharp 
spectral peaks that is an average of all the conformations present within the 
sample.   
 
Although the 13C MAS spectrum of a fluid phase sample resembles that of a 
solution state spectrum, there are marked differences between a solution of 
monomers and a liquid crystalline phase, which may manifest within the solid 
state spectrum.  These include hydrogen bonding, distribution of trans-gauche 
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states and intermolecular packing effects (which are sensitive to temperature and 
temperature changes). 
 
Early studies of 13C chemical shifts of alkanes revealed an interesting pattern, 
when progressing down the series from methane to propane, where the chemical 
shift of the terminal carbon moves increasingly downfield as it becomes less 
shielded.  This trend is then reversed for butane, because the terminal carbon is 
more shielded for butane than that of propane.  This trend has become known as 
the γ-effect [73].  Grant et al proposed that this effect arose due to electronic 
repulsions from interacting C-H systems, which may increase the electron density 
around the carbon nucleus, increasing the degree of shielding experienced, giving 
rise to a chemical shift that is shifted up-field. 
 
2.2.6 1H solid state MAS NMR of phospholipids 
1H has the advantage of both high natural abundance and large inherent 
sensitivity, allowing one to only need a small amount of sample and a fast 
acquisition time.  However, the high sensitivity leads to proton spectra consisting 
of exceptionally broad peaks.  This broadness is field-independent, indicating the 
dominance of strong homonuclear dipolar interactions. 
 
Dipolar interactions may be removed by the use of MAS.  Spin rates required to 
completely remove the interactions cause frictional heating of the sample and so 
moderate spin rates (3-5 kHz) are used which partially remove the dipolar 
coupling and give rise to spinning sidebands. 
 
1H spectra of a gel phase show greater dipolar coupling than that of a fluid 
lamellar phase as a result of slow long axis rotation and lateral diffusion and an 
increase in the close proximity of neighbouring dipoles (fig 2.18).  In the fluid 
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lamellar phase, intermolecular interactions are averaged by fast lateral diffusion 
of the lipid molecule, while rapid long axis rotation reduces the intramolecular 
dipole-dipole interaction (fig 2.18).      
   
 
Fig 2.18:  1H NMR spectrum of a phospholipid in the gel phase (bottom) and the fluid lamellar 
phase (top). 
 
 
2.3 X-ray diffraction 
 
The use of x-ray scattering has proved to be a useful complementary technique to 
the solid state and solution state NMR data presented in this work.  This section 
aims to give a brief introduction to the theory of x-ray diffraction for model lipid 
systems. 
The wavelengths of x-rays are the same order of magnitude as the separation of 
atoms in matter (~ 1 x 10-10m) which allows them to be diffracted by crystalline 
(and in this work liquid crystalline) material [74].    Bragg’s law (fig 2.19) 
models this by considering the x-rays to be reflected off parallel planes, giving 
rise to the following: 
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Fig 2.19: Illustration of Bragg’s law. 
nλ = 2dsinθ 
Where n is the order of diffraction, λ is the wavelength of the incident radiation, d 
is the spacing between planes and θ is the angle of incidence [74]. 
 
The use of diffraction techniques enables us to distinguish the various lipid 
mesophases present, based on the symmetry of the phase.  The long-range 
organisation of the structure is observed in the small angle diffraction pattern (or 
Small Angle X-ray scattering, SAXS) and short-range order is observed in the 
wide angle region (or Wide Angle X-ray scattering) [74]. 
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 2.3.1 Small angle x-ray diffraction of phospholipids 
The lipid phases possess different long-range translational order, forming water 
lipid aggregates of bilayers, micelles, cylinders, cubics etc.  These give rise to 
Bragg reflections with reciprocal spacings at characteristic ratios (fig 2.20): 
 
 
Lamellar                Hexagonal 
 
Cubic (Pn3m)        Cubic (Ia3d) 
 
                                                                  Cubic (Im3m) 
Fig 2.20: Characteristic small angle diffraction patterns from non-orientated lipid phases. 
 
 
These ratios are defined by the following equations: 
 
shkl = 1/dhkl 
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Lamellar: 
sl = l/d 
 
Hexagonal: 
shk = 2 ((h2 + k2 – hk)1/2 / √3a) 
 
Cubic: 
shkl = (h2 + k2 + l2)1/2a 
 
Where dhkl is the spacing of the set of lattice planes (h, k, l) characterised by the 
Miller indices h, k, l.  Diffraction from a lamellar phase yields rings that are 
equally spaced, where the ratio of the reciprocal spacings being: 1, 2, 3, 4, 
5….[74].   
 
Diffraction from a hexagonal phase yields a ring pattern where the diffraction 
pattern is not equally spaced and the ratio of rings is: 1, √3, √4, √7, √9, √12, √13, 
√16…[74]. 
 
Diffraction from the inverse bicontinuous phases yield ring patterns where the 
diffraction pattern depends upon the type of phase present.  These are illustrated 
below [74]: 
Ia3d: √6, √8, √14, √16, √20, √22, √24, √26…. 
Pn3m: √2, √3, √4, √6, √8, √9, √10, √11…. 
Fd3m: √3, √8, √11, √12, √16, √19, √24, √27…. 
Im3m: √2, √4, √6, √8, √10, √12, √14, √16…. 
 
Not all reflections are observed for a particular sample, which may be as a result 
of the presence of additional symmetry elements or the reflection passing through 
a diffraction angle that give a low intensity even though it is allowed. 
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In this work, both solid state NMR and x-ray diffraction indicated the presence of 
a lamellar phase.   
 
Small angle x-ray diffraction from phospholipid bilayers is as a result of the 
interaction of the incident x-ray beam with ordered stacks of electron density.  
The distribution of electron density may be calculated from the diffraction 
patterns, which are dominated largely by the electron rich phosphate head-groups. 
 
The phospholipids are separated by a layer of water, which increases the repeat 
spacing of the electron density profile, giving a spacing that is the sum of the 
phospholipid bilayer and the inter-lamellar water layer. 
 
 
Fig 2.21: Repeat spacing (d-spacing) for a phospholipid bilayer. 
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2.3.2 Wide angle x-ray diffraction of phospholipids 
Wide angle x-ray scattering (WAXS) uses the same principles as those of SAXS 
but probes a much smaller length scale, typically 3-6Ǻ and so probes the short-
range order of the bilayer.  This gives information on the packing order of the 
lipid chains and can be used to identify the gel and fluid lamellar phases. 
 
The crystalline lamellar phase is highly ordered and so may be identified by one 
or more sharp diffraction peaks in the wide angle region.  The lipid chains of the 
gel phase (Lβ) are packed hexagonally and give rise to a wide-angle peak of at 
4.2Ǻ.  The fluid lamellar phases are characterised by fast motion within the lipid 
chains which removes the lateral packing order and produces a broad diffuse 
diffraction peak at approximately 4.6Ǻ. 
 
It should be noted that the broadness of the wide-angle peak is not directly related 
to molecular motion but on the packing order of the system.  It is possible for a 
sample which has no lateral packing and slow molecular dynamics to show a 
wide angle x-ray pattern that looks the same as that of a fluid phase.  
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Chapter 3 
 
Materials and methods 
 
3.1 Phase behaviour of Andro: DPPC mixtures 
3.1.1 Materials 
The synthetic phospholipid DPPC was purchased from Avanti Polar Lipids Inc., 
Birmingham, Alabama, USA and used without further purification.  Andro was 
purchased from Steraloids Inc, Newport, Rhode Island, USA.  The lipid mixtures 
were lyophilised with cyclohexane and a drop of methanol to aid dissolution.  
Molar ratios were calculated with the assumption of two water molecules per 
phospholipid. 
 
3.1.2 Sample preparation 
The Andro: DPPC mixtures were made up by dissolution of the appropriate molar 
ratios of DPPC with Andro in the minimum amount of cyclohexane, and a drop 
of methanol to aid dissolution.  Once dissolution was complete the resulting 
solutions were cooled using liquid N2 and the solvent removed under vacuum.  
Pure D2O or HPLC grade H2O was added to the Andro: DPPC mixtures at 50 
wt%.  The suspensions were heat cycled 5 times (25-50 0C) and placed in 1.5 mm 
x-ray capillary tubes or 4 mm zirconia NMR tubes.  Samples were stored at -5°C.  
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For variable temperature work samples were annealed at temperatures above the 
gel-fluid phase transition (normally 50°C) for 5 minutes prior to being cooled for 
to the desired temperature.  The sample was left to equilibrate for 5 minutes at 
each desired temperature prior to NMR acquisition. 
 
3.1.3 NMR acquisition 
All NMR spectra were acquired using a Bruker DRX 600MHz spectrometer 
operating at 14.09T, with a 1H resonance of 600.1MHz, 2H resonance of 
92.1MHz and a 31P resonance of 242.9MHz.  MAS experiments were 
performed at spinning speeds of 3-6 kHz.  Acquisition parameters used for 
this work are shown below (Table 3.1): 
 
 1H MAS 31P MAS 31P CSA 
Pulse program SPE SPE SPE 
Rotor size 4mm 4mm 4mm 
Time domain 39996 5430 2048 
No. scans 500 800 2048 
Aq. Time 33msec 55msec 21msec 
Sweep width 60kHz 48kHz 48kHz 
Recycle delay 2s 3s 3s 
MAS spin rate 3-5kHz 3-5kHz N/A 
x-pulse length N/A 2µs 2µs 
x-power level N/A 0dB 0dB 
1H-pulse length 2µs 3.6 µs 3.6 µs 
1H-pulse length 0dB 12dB 12dB 
Table 3.1:  Acquisition parameters used for 1H, 13C and 31P solid state NMR experiments. 
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Variable temperature work was done using a Bruker VT3000 unit, the gas 
required for sample spinning was passed through a Bruker BCU05 cooling unit 
before being passed to a heating coil in the NMR probe and finally transferred to 
the sample in the probe head.  All samples were allowed to equilibrate at a fixed 
temperature for 5 minutes.  The error of temperature measurement was estimated 
to be +/- 0.1°C. 
 
Deuterium spectra were acquired using a phase-cycled quadrupole echo pulse 
sequence.  The acquisition parameters are shown in the table below: 
 
 2H DPPC-d62 
Pulse program Quadecho 
Sample size 50mg 
Time domain 4096 
No. scans 4096 
Aq. Time 4.9ms 
Sweep width 0.4MHz 
Recycle delay 1s 
Echo delay 0.02ms 
x-pulse length 3 µs 
x-power level -6dB 
1H pulse length N/A 
1H power level N/A 
Table 3.2:  Acquisition parameters used for 2H solid state NMR experiments. 
 
Data analysis was done using X-WINNMR software (Bruker).  De-pakeing was 
carried out using AMIX 3.6 (Bruker) via numerical iteration. 
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3.1.4 SAXS/WAXS acquisition 
Small and wide angle X-ray diffraction measurements were carried out using a 
SAXS/WAXS beamline coupled to a copper target Bede Microsource x-ray 
generator with integrated glass polycapillary x-ray focusing optics.   
 
X-ray diffraction images were acquired on an x-ray intensified CCD photonic 
Science Gemstar detector with acquisition and analysis carried out using 
specialist in-house software.  Samples were sealed in 1.5mm glass capillaries and 
placed in a temperature controlled sample holder within an evacuated flight 
chamber.  The sample holder has a computer controlled Peltier based temperature 
control over a range of -30 to 120°C with an accuracy of +/- 0.5°C.  
 
 
3.2 Phase behaviour of 4β-hydroxycholesterol: DPPC systems 
3.2.1 Materials 
The synthetic phospholipid DPPC was purchased from Avanti Polar Lipids Inc., 
Birmingham, Alabama, USA and used without further purification.  4β-
hydroxycholesterol was purchased from Steraloids Inc, Newport, Rhode Island, 
USA.  The lipid mixtures were lyophilised with cyclohexane and a drop of 
methanol to aid dissolution.  Molar ratios were calculated with the assumption of 
two water molecules per phospholipid. 
 
3.2.2 Sample preparation 
The 4β-hydroxycholesterol: DPPC mixtures were made up by dissolution of the 
appropriate molar ratios of DPPC with 4β-hydroxycholesterol in the minimum 
amount of cyclohexane, and a drop of methanol to aid dissolution.  Once 
dissolution was complete the resulting solutions were cooled using liquid N2 and 
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the solvent removed under vacuum.  Pure D2O or HPLC grade H2O was added to 
the 4β-hydroxycholesterol: DPPC mixtures at 50 wt%.  The suspensions were 
heat cycled 5 times (25-50 0C) and placed in 1.5 mm x-ray capillary tubes or 2.5 
mm zirconia NMR tubes.  Samples were stored at -5°C.  For variable temperature 
work samples were annealed at temperatures above the gel-fluid phase transition 
(normally 50°C) for 5 minutes prior to being cooled for to the desired 
temperature.  The sample was left to equilibrate for 5 minutes at each desired 
temperature prior to NMR acquisition. 
 
3.2.3 NMR acquisition 
All NMR spectra were acquired using a Bruker DRX 600MHz spectrometer 
operating at 14.09T, with a 1H resonance of 600.1MHz, 2H resonance or 
92.1MHz and a 31P resonance of 242.9MHz.  MAS experiments were 
performed at spinning speeds of 2-4 kHz. 
Acquisition parameters used for this work are shown over page: 
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 1H MAS 31P MAS 31P CSA 
Pulse program SPE SPE SPE 
Rotor size 2.5mm 2.5mm 2.5mm 
Time domain 39996 5430 2048 
No. scans 1000 1600 4096 
Aq. Time 33msec 55msec 21msec 
Sweep width 60kHz 48kHz 48kHz 
Recycle delay 2s 3s 3s 
MAS spin rate 2-4kHz 2-4kHz N/A 
x-pulse length N/A 2µs 2µs 
x-power level N/A 0dB 0dB 
1H-pulse length 2µs 3.6 µs 3.6 µs 
1H-pulse length 0dB 12dB 12dB 
Table 3.3:  Acquisition parameters used for 1H, 13C and 31P solid state NMR experiments. 
 
Variable temperature work was done using a Bruker VT3000 unit, the gas 
required for sample spinning was passed through a Bruker BCU05 cooling unit 
before being passed to a heating coil in the NMR probe and finally transferred to 
the sample in the probe head.  All samples were allowed to equilibrate at a fixed 
temperature for 5 minutes.  The error of temperature measurement was estimated 
to be +/- 0.1°C. 
 
Deuterium spectra were acquired using a phase-cycled quadrupole echo pulse 
sequence.  The acquisition parameters are shown in the table over page: 
 
 
 86 
 2H DPPC-d62 
Pulse program Quadecho 
Sample size 50mg 
Time domain 4096 
No. scans 4096 
Aq. Time 4.9ms 
Sweep width 0.4MHz 
Recycle delay 1s 
Echo delay 0.02ms 
x-pulse length 3 µs 
x-power level -6dB 
1H pulse length N/A 
1H power level N/A 
Table 3.4:  Acquisition parameters used for 2H solid state NMR experiments. 
 
3.2.4 SAXS/WAXS acquisition 
Small and wide angle X-ray diffraction measurements were carried out using a 
SAXS/WAXS beamline coupled to a copper target Bede Microsource x-ray 
generator with integrated glass polycapillary x-ray focusing optics.   
 
X-ray diffraction images were acquired on an x-ray intensified CCD photonic 
Science Gemstar detector with acquisition and analysis carried out using specialist 
in-house software.  Samples were sealed in 1.5mm glass capillaries and placed in a 
temperature controlled sample holder within an evacuated flight chamber.  The 
sample holder has a computer controlled Peltier based temperature control over a 
range of -30 to 120°C with an accuracy of +/- 0.5°C. 
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3.3   Cholesterol desorption with methyl-β-cylcodextrin: Chol 
flip-flop 
3.3.1 Materials 
The synthetic phospholipid DPPC was purchased from Avanti Polar Lipids Inc., 
Birmingham, Alabama, USA and used without further purification.  Cholesterol 
(Aldrich Chemical Co.  Gillingham, UK) was supplied in monohydrate form.  
The lipid mixtures were lyophilised with cyclohexane and a drop of methanol to 
aid dissolution.  Molar ratios were calculated with the assumption of two water 
molecules per phospholipid. 
 
3.3.2 Sample preparation 
Cholesterol desorption with methyl-β-cyclodextrin 
 A lipid film was formed by evaporation of a chloroform solution of the lipid 
mixture (13 mol) in a 10 mL round-bottomed flask under reduced pressure at 
room temperature. The lipid film was then hydrated with the appropriate aqueous 
buffer or water (1 mL) and subjected to five freeze-thaw cycles with liquid 
nitrogen and water at 20 °C. The obtained lipid suspension was then extruded ten 
times through a Whatman laser-etched polycarbonate membrane with 100 nm 
pore size at 25 °C.  The samples were split into 5 and a solution of methyl-β-
cyclodextrin was added to each sample for variable lengths of time.  The methyl-
β-cyclodextrin solution was removed via syringe once exposure was complete 
and the resultant lipid: Chol systems desolved in deuterated CHCl3.  The resultant 
solution was placed in an NMR tube for 1H solution state NMR.   
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Lipid asymmetry as measured via paramagnetic NMR 
Samples were prepared for this as with cholesterol desorption with methyl-β-
cyclodextrin.  Paramagnetic compounds (Fe2+, Fe3+ and Cu2+) were added to the 
samples as required either in solution or solid form.  
 
The emulsion method (Fig 3.1) [75] 
To prepare the emulsion 25mg of lipid was dissolved in 1cm3 CHCl3.  The 
solution was placed in a 100cm3 round bottomed flask and the CHCl3 
evapourated under N2.  50cm3 dodecane was added and the suspension sonicated 
for 30mins.  Tris bis buffer (250µl) was added and the suspension stirred for 3hrs.  
To prepare the interface layer 25mg of lipid was dissolved in 1cm3 CHCl3.  The 
solution was placed in a 100cm3 round bottomed flask and the CHCl3 
evapourated under N2.  50cm3 of 99:1 dodecane: silicone oil was added and the 
suspension sonicated for 30 mins.  To prepare the vesicles 5cm3 H2O was placed 
in a 500cm3 beaker.  5cm3 of the interface layer was placed on to and they were 
left to equilibrate for 2hrs.  The emulsion was then placed on top of these two 
layers and the system left overnight to allow maximum vesicle formation.  
Vesicles were then extracted via syringe and placed in a 4mm zirconia solid state 
NMR rotor.  
 
 89 
 
Fig 3.1:  Pictorial view of the emulsion method. 
 
Split glass slides method 
25mg DOPC was dissolved in the minimum amount of CHCl3 and the solution 
slowly pippetted onto a large microscope glass slide.  CHCl3 was removed under 
N2.  The same method was repeated on another glass slide with DPPC.  Once 
dried the two glass slides were pressed together and left for 1hr.  The glass slides 
were split apart and a minimum amount of HPLC grade H2O used to remove the 
lipid mixture from each slide.  The lipid suspensions were then placed in a 4mm 
zirconia solid state NMR rotor. 
 
3.3.3 NMR acquisition for cholesterol desorption with methyl-β-
cyclodextrin 
All NMR spectra were acquired using a Bruker DRX 400MHz spectrometer, 
with a 1H resonance of 400.1MHz.  All samples were fully dissolved in 
deuterated CHCl3. 
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3.3.4 NMR acquisition for lipid asymmetry method via paramagnetic 
NMR experiment, the emulsion method and split glass slides method 
All NMR spectra were acquired using a Bruker DRX 600MHz spectrometer 
operating at 14.09T, with a 1H resonance of 600.1MHz.  MAS experiments 
were performed at spinning speeds of 3-5 kHz. 
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Chapter 4 
 
The phase behaviour of DPPC: 5-
Androsten-3β-ol 
 
4.1 Background 
 
PC lipids are perhaps the most extensively studied species of phospholipids, 
largely because they occur in high concentrations within the cell membrane and 
the chains are very stable and so may be easily modified synthetically. 
 
There has been much interest in the role of cholesterol in cells in recent years 
[25, 26, 33, 35, 42, 46, 47, 58, 62, 76-91], however there are still some aspects 
of the effect of cholesterol and cholesterol structure that remain unresolved.  
This chapter looks at the role of the tail structure of cholesterol on the liquid-
ordered (Lo) phase by looking at the phase behaviour of DPPC: Andro systems 
and comparing the data derived with DPPC: Chol systems [6].  The Andro 
concentrations studied range from low (15mol%) to high (50mol%).  Although 
50mol% may seem a high concentration to analyse, it has been shown that a 
ternary system with cholesterol and two lipids with different affinities for 
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cholesterol (such as DOPC and DPPC) gives rise to cholesterol showing a 
strong preference for partitioning into a separate Lo phase rather than being 
associated to the disordered fluid lamellar (Lα) phase [6, 30, 76, 78].  This gives 
rise to a higher effective concentration of cholesterol within the Lo domains.  
This section only deals with the interaction of binary PC: Andro mixtures in 
excess water. 
 
The presence of cholesterol within phospholipid bilayers induces formation of 
the liquid ordered phase.  This phase shares certain properties with both the Lα 
and the Lβ phase, with similar lateral diffusion rates to that of the Lα phase, but 
with ordering of the lipid chains as seen in the gel phase (see section 1.6). 
 
A number of methods have been used to study the Lo phase including x-ray 
diffraction, DSC, FTIR, fluorescence imaging, neutron scattering and ESR.  All 
agree on the general definition of a Lo phase, however there is little consensus 
with respect to the positioning of the cholesterol within the bilayer, the role of 
hydrogen bonding, flip-flop rates, population of gauche states in the 
hydrocarbon chains and the maximum solubility of cholesterol.   
 
There has been a number of PC: Chol phase diagrams previously published 
(ref), the most accepted being the Vist and Davies (fig 4.1) phase diagram 
derived from 2H solid state NMR and DSC studies.  This phase diagram 
contains a region where the Lα and Lo phase co-exist at biologically relevant 
temperatures and cholesterol concentrations, which has added weight to the 
debate over lipid rafts. 
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Fig 4.1: Adapted partial DPPC: Chol phase diagram, obtain by Vist and Davis [92]. The 
squares, circles and triangles are from 2H NMR, and the diamonds and crosses are from DSC 
data. 
 
 
An alternative phase diagram presented by Huang et al. gives a more extensive 
view of the phase behaviour of PC: Chol mixtures with cholesterol 
concentrations ranging from 0-60mol% (Fig. 4.2).  This work was achieved 
with 2H and 13C solid state NMR spectroscopy. 
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Fig 4.2: DPPC: Chol phase diagram, obtained by Griffin, Huang et al [53]. The squares are from 
2H NMR, and the circles from 13C NMR. The labels of the phases have been changed to allow 
easy comparison to the other phase diagrams. 
 
More recently Clarke et al. worked on PC: Chol concentrations ranging from 40 
to 60mol% (Fig 4.2a) cholesterol and found Lo phase formation to occur at 
lower temperatures for these concentrations using multinuclear solid state NMR 
spectroscopy and X-ray diffraction techniques.   
 
 
Fig 4.2a:  Modified phase diagram with data originally from Griffin et al [53] . (solid data 
points) with the addition of the data from Clarke et al [6]. (open data points). 
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4.2 Results  
 
4.2.1 31P CSA NMR 
This method provides insight into the dynamic behaviour of the phosphate 
group.  If the CSA pattern is wide then motion within the phosphate group is 
limited; a decrease in the CSA pattern indicates increased motion of the 
phosphate group, indicating the formation of a fluid lamellar phase.  Thus, a 
broad CSA pattern is indicative of a phase with slow long-axis rotation, such as 
a gel phase [6].  Cholesterol is thought to act as a spacer molecule, which 
allows for greater mobility within the lipid headgroup region, and although 
Andro lacks the hydrocarbon tail of chol, there is reason to believe it will act in 
a similar manner.  It should be noted that although the CSA patterns shown 
below show formation of a lamellar phase with increased temperature, this 
method cannot distinguish between Lα and Lo phases. 
The data below show 31P CSA patterns of 15, 33 and 50 mol % Andro: DPPC 
(Fig 4.3) within a temp range of 288-328K. 
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Fig 4.3:  31P CSA spectra of DPPC: 15mol% Andro (top), DPPC: 33mol% Andro (middle) and 
DPPC: 50mol% Andro (bottom), temp. range 288-328K. 
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The width of the 31P CSA pattern may be measured and plotted (Fig 4.4).  The 
effect of Andro concentration and temperature may be seen below. 
 
Fig 4.4:  31P CSA peak width (Δσ) of DPPC: 15 mol% Andro, DPPC: 33 mol% Andro and 
DPPC: 50 mol% Andro, 288-328K (10K steps).  Lines are drawn to guide the eye. 
 
The width of the CSA powder pattern is measured as Δσ which is affected by 
both temperature and steroid concentration.  
Δσ is reduced as the Andro concentration is increased and at low temperatures a 
broad powder pattern is observed.  Also as the concentration of Andro is 
increased the variation in Δσ with temperature is reduced, in a similar manner 
to cholesterol; however the variation in Δσ for 50mol% chol: DPPC is less than 
that of 50mol% andro: DPPC [6].  Finally the Δσ values at all temperatures 
were lower for 50mol% chol: DPPC than that of androsten-3β-ol: DPPC. 
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4.2.2 31P MAS NMR 
31P MAS can be used to remove the contribution of CSA to reveal an 
isotropic lineshape that gives the chemical shift of the 31P.  Broadening of 
the 31P MAS is observed at lower temperatures, which is more dominant for 
lower Andro concentrations. 
Spinning side bands are observed since it is not possible to spin samples fast 
enough to completely remove CSA as this causes frictional heating of the 
sample.  The speed with which the sample is spun has been previously 
investigated and has been shown to affect the linewidth of the 31P MAS.  In 
view of this all samples were spun at the same speed.   
The data below shows 31P MAS patterns of 15, 33 and 50 mol% Andro: 
DPPC (fig 4.5) at a temp range of 288-328K. 
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Fig 4.5: 31P MAS spectra of DPPC: 15mol% Andro (top), DPPC: 33mol% Andro (middle) and 
DPPC: 50mol% Andro (bottom), temp. range 288-328K. 
 
The full width half-height peak width may be measured and plotted (Fig 
4.4), giving an indication of the effect of increased Andro concentration and 
the effect of temperature on the systems studied. 
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Fig 4.6:  31P MAS peak widths of 15 mol% Andro: DPPC, 33 mol% Andro: DPPC and 50 
mol% Andro: DPPC, 288-328K (10K steps).   Lines are drawn to guide the eye. 
 
The 31P MAS peak widths are broader in general at lower temperatures.  A 
particularly broad peak is observed for 33 mol% Andro: DPPC, which is 
discussed further in the discussion (sect. 5.1.1).   
Unlike chol: DPPC mixtures, andro: DPPC mixtures appear to show sharper 
phase transitions over a small temperature range.   In view of this the phase 
transition for all DPPC: Andro mixtures were looked at more closely with 31P 
MAS (fig 4.5, 4.6 and 4.7): 
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Fig 4.7: 31P MAS spectrum of 15 mol% Andro: DPPC, temp. range 307-323K. 
 
Fig 4.8: 31P MAS spectrum of 33 mol% Andro: DPPC, temp. range 290-306K. 
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Fig 4.9: 31P MAS spectrum of 50 mol% Andro: DPPC, temp. range 288-398K. 
 103 
 
Fig 4.10:  31P MAS peak widths of 15 mol% Andro: DPPC, 33 mol% Andro: DPPC and 50 
mol% Andro: DPPC, 2K steps.  Various start and finish temps chosen to show the phase 
transition for each DPPC: Andro mixture.  Lines are a guide to the eye. 
 
As the concentration of Andro is increased, the gel to fluid phase transition is 
less defined, with the transition shifting to lower temperatures with increased 
Andro concentration (Fig 4.10) in a similar manner to that of Chol: PC systems 
previously studied.  This observation correlates with the 31P static data (sect. 
4.2.1), the 1H MAS data (sect. 4.2.3) and SAXS data (sect. 4.2.6), and also 
gives further indication of Andro acting in a similar manner to cholesterol 
acting to fluidise the lipid gel phase. 
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4.2.3 1H MAS NMR 
Again the use of MAS completely removes the CSA and mostly the dipolar 
coupling present in SS NMR experiments.  Different regions of the lipid and 
steroid show characteristic chemical shifts.  Between 0.0-2.5 ppm we see peaks 
associated with the lipid-chain methylenes together with a small contribution 
from the steroid.  If a narrowing of the methylene peaks is observed, it is as a 
result of a reduction of the dipolar coupling, which may be due to an increase in 
steroid concentration resulting in an increase in lipid motion or an increase in 
the distance between coupled protons.   
Different regions of the lipid and cholesterol show characteristic chemical 
shifts.  This is detailed in table 4.1: 
 
Lipid segment Chemical shift δ/ppm 
CH3 0.87 
(CH2)n 1.31 
CH2-CO 2.30 
N-(CH3)3 3.23 
CH2-N 3.66 
CH2-OP (Glycerol) 4.01 
PO-CH2 (Choline) 4.28 
OCO-CH2 (Glycerol) 4.28 
OCO-CH (Glycerol) 5.28 
HDO 4.42 
Table 4.1:  Typical 1H MAS chemical shifts for DPPC: 40 mol% Chol 
The data below shows 1H MAS patterns of 15, 33 and 50 mol % Andro: DPPC 
(Fig 4.11) at a temp range of 288-328K. 
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Fig 4.11: 1H MAS spectra of DPPC: 15mol% Andro (top), DPPC: 33mol% Andro (middle) and 
DPPC: 50mol% Andro (bottom), temp. range 288-328K. 
 
The phase transition temperature for all Andro: PC systems studied was 
obtained by conducting NMR experiments at 2K intervals through the phase 
transition deduced from the results above.  These are shown below (Fig 4.12-
4.14). 
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Fig 4.12:  1H MAS spectrum of 15 mol% Andro: DPPC, temp. range 307-323 K. 
 
Fig 4.13:  1H MAS spectrum of 33 mol% Andro: DPPC, temp. range 290-306 K. 
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Fig 4.14:  1H MAS spectrum of 50 mol% Andro: DPPC, temp. range 290-306 K. 
An increase in temperature from 288-328 K shows a narrowing of the lipid-
chain methylene peaks, which is as a result of strong proton-proton coupling.  
The line-width also decreases for the glycerol peaks with an increase in 
temperature.  This may be due to residual proton-proton coupling, but could 
also be as a result of a distribution of chemical shifts due to differing 
conformations at the glycerol region of the lipid.  As shown with 31P MAS 
experiments, increasing the Andro concentration depresses the phase transition 
temperature.   
As previously stated a narrowing of the methylene chain peaks indicates a 
change in lipid phase from gel to fluid lamellar.  The methylene peak widths for 
15 and 33mol% Andro: PC were measured and plotted as a function of 
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temperature to look at the phase transition temperature more closely for these 
systems.  This was done in order to look for Lβ + Lα phase co-existence which 
would be shown by unusually broad methylene peak widths until a single Lα 
phase emerges with increased temperature.  The data derived is shown below 
(Fig 4.15). 
 
 
Fig 4.15:  1HMAS peak widths for 15mol%andro: DPPC (top) and 33mol%andro: DPPC 
(bottom). 
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The data was fitted using a sigmoidal function and the steepest point in the 
slope identified to give an indication of where Lβ + Lα phase co-existence ends 
and a single fluid lamellar phase emerges.  The result of this has been indicated 
in a temperature composition diagram drawn up for 0-50mol% Andro: DPPC 
(fig. 4.39). 
 
4.2.4 13C MAS NMR 
13C MAS NMR removes CSA and produces resolution of individual peaks of 
the Andro and certain regions within the phospholipid.  The data below show 
13C CSA patterns of 15, 33 and 50 mol % Andro: DPPC (Fig 4.3) at a temp 
range of 288-328K. 
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Fig 4.16: 13C MAS spectra of DPPC: 15mol% Andro (top), DPPC: 33mol% Andro (middle) 
and DPPC: 50mol% Andro (bottom), temp. range 288-328K. 
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The carbon spectra mirror data from other nuclei studied, showing a narrowing 
of peaks as the temperature is increased, indicating a gel-fluid phase transition.  
The phospholipid (sn-1) C1 carbon (~178 ppm) is well resolved upon an 
increase in temperature, and this occurs at lower temperatures with increasing 
Andro concentration.  The lipid glycerol backbone peaks (55-70ppm) appear 
broad at lower temperatures and narrow as the temperature is increased, as 
motion within the system increases with temperature.  This trend is less 
noticeable at higher andro concentrations, providing further evidence of Andro 
acting in a similar manner to cholesterol and fluidising the lipid gel phase. 
 
4.2.5 2H NMR 
Deuterium labels such as DPPC-d62 can also be employed to analyse the 
behaviour of the lipid chains (Fig 4.17) as a function of Andro concentration 
and temperature. 
 
 
Fig 4.17:  Molecular structure of deuterium labelled D62PPC. 
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The data below show 2H NMR patterns of 15, 33 and 50 mol % Andro: D62PPC 
(Fig 4.18-4.20) at temperature ranges to allow for the gel-fluid phase transition 
to be observed for all systems studied. 
 
Fig 4.18:  2H spectrum of 15 mol% Andro: DPPC-d62, temp. range 300-322K. 
 
 114 
 
Fig 4.19:  2H spectrum of 33 mol% Andro: DPPC-d62, temp. range 296-312K. 
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Fig 4.20:  2H spectrum of 50 mol% Andro: DPPC-d62, temp. range 290-306K. 
At lower temperatures the powder patterns are indicative of a gel phase with no 
fine structure present, as a result of slow long axis rotation on the NMR 
timescale.  An increase in temperature gives resolved splittings that become 
increasingly narrowed as a result of an increase in inter-lipid spacing and a 
decrease in the lipid chain order.  An increase in Andro concentration gives rise 
to resolved peaks occurring at lower temperatures indicating an increase in long 
axis rotation of the lipid molecules. 
The spectrum derived from 15mol% Andro: D62PPC gives a powder pattern 
width of ~27KHz in the fluid phase, indicating the formation of a Lα phase, 
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however 33 and 50mol% Andro: D62PPC both show much broader powder 
patterns in the fluid phase (~40kHz), indicative of formation of the Lo phase. 
Each spectrum may be de-Paked to remove the anisotropy and show the 
magnitude of the quadrupolar splitting when the C-2H bond is aligned parallel 
to the applied magnetic field.  There are two methyl peaks at the centre of the 
powder pattern, which arise as a result of in equivalence within the sn-1 and sn-
2 chains. The quadrupolar splittings may be measured and plotted (fig. 4.21 - 
4.24). 
 
Fig 4.20a:  Depaked spectrum.  An example.  33 mol% Andro: DPPC-d62, temperature range 
296-312K. 
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Fig 4.21:  Depaked quadrupolar splittings of 15 mol% Andro: DPPC-d62 for each C-2H 
bond of the lipid chain, 300-322 K. 
 
Fig 4.22: Depaked quadrupolar splittings of 33 mol% Andro: DPPC-d62 for each C-2H bond of 
the lipid chain, 296-312K. 
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Fig 4.23:  Depaked quadrupolar splittings of 50 mol% Andro: DPPC-d62 for each C-2H 
bond of the lipid chain, 290-306 K. 
 
The data above shows clearly the change in the magnitude of the quadrupolar 
splitting with increased Andro Concentration.  Both 33 and 50mol%Andro: 
DPPC samples show significantly greater quadrupolar splittings at all 
temperatures than that of 15mol%Andro: DPPC which forms the Lα phase with 
increased temperature. 
The order parameters for each of the lipid chain segments may be derived via a 
manipulation of the de-Paked data for each C-2H bond, which when plotted 
gives an order parameter profile for each temperature: 
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 Fig 4.24: Order profiles for DPPC-d62: 15mol% Andro, temp. range 300-322K. 
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Fig 4.25:Order profiles for DPPC-d62: 33mol% Andro, temp. range 296-312K. 
 
Fig 4.26:  Order profiles for DPPC-d62: 50mol% Andro, temp. range 290-306K.  
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There is a progressive decrease in the order parameter on moving down the acyl 
chain towards the centre of the bilayer. The order parameter is reduced at all 
positions as the temperature is increased, although the absolute values of 
reduction become smaller towards the chain ends.  Again, the order parameters 
increase with increased Andro concentration indicating a change in the fluid 
lamellar phase formed from Lα to Lo as increased order within the lipid chains is 
found with increased Andro concentration. 
The order parameters appear to be lower for 50mol%Andro: DPPC-d62 than 
those of the corresponding 50 mol% Chol: DPPC-d62 mixture, when compared 
at closely similar temperatures (fig. 4.27) indicating that Andro may not order 
the lipid chains as efficiently as that of cholesterol. 
 
Fig 4.27:  A comparison of order profiles (B) for DPPC-d62: 50mol% Chol at 288K (diamonds) 
and DPPC-d62: 50mol% Andro at 290K (squares) 
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4.2.6 SAXS 
SAXS was employed to look at the layer spacing and in-plane packing of the 
bilayer, and to check that no crystalline cholesterol was present within any of 
the systems studied.     
        
 
Fig 4.28: SAXS images taken from 15mol%Andro: DPPC.  Left: at 278K, centre at 313K (the 
phase transition temperature), right at 333K. 
 
 
         
 
 
Fig 4.29: SAXS images taken from 33mol%Andro: DPPC.   Left: at 278K, centre at 302K (the 
phase transition temperature) and right at 333K. 
 
 
        
 
Fig 4.30: SAXS images taken from 50mol%Andro: DPPC.   Left: at 278K, centre at 298K (the 
phase transition temperature), right at 333K. 
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The SAXS d-spacing was measured and plotted as a function of temperature 
within the region of the phase transition temperature for all Andro: DPPC 
systems studied (Fig 4.31) 
 
Fig 4.31:  SAXS d-spacings as a function of temperature for DPPC: 15mol% Andro, DPPC: 
33mol% Andro and DPPC: 50mol% Andro.  Lines are drawn to guide the eye.   
 
SAXS data obtained gives further proof of a gel-fluid phase transition occurring 
for all samples, and this agrees well with results obtained via NMR.  One can 
see that as the temperature is increased the layer repeat spacings decrease in a 
way that is consistent with traversing a gel-fluid phase transition.  This decrease 
is relatively sharp for DPPC: 15mol% Andro, with a drop in layer spacing of 
approximately 9 Å, centred around 313 – 314 K. The transition moves to lower 
temperature, becomes increasingly broader, and the reduction in layer spacing 
becomes smaller, as the concentration of Andro is increased.  Thus by 50 mol% 
Andro, a reduction of only 3Å is observed, occurring in a broad transition 
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centred close to 298 K. The reduction in layer spacings can, at least in part, be 
attributed to the thickness of the bilayer being reduced upon chain disordering 
at a phase transition.  The X-ray data correlate well with phase transitions 
observed in 31P CSA (sect. 4.2.1) 31P MAS (sect. 4.2.2), 1H MAS (sect. 4.2.3) 
and 13C MAS (sect. 4.2.4). 
4.2.7 WAXS 
WAXS was employed to look at the wide angle peak at ~4.2 Å which occurs for 
all lamellar phases.  The images below show examples of WAXS data obtained 
for 15, 33 and 50mol%Andro: DPPC (Fig. 4.32-4.34). 
   
Fig 4.32:  WAXS images of 15mol%Andro: DPPC at 278K (left), 313K the phase transition 
temperature (centre) and at 333K (right). 
   
Fig 4.33:  WAXS images of 33mol%Andro: DPPC at 278K (left), 302K the phase transition 
temperature (centre) and at 333K (right). 
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Fig 4.34:  WAXS images of 50mol%Andro: DPPC at 278K (left), 298K the phase transition 
temperature (centre) and at 333K (right). 
The WAXS d-spacing were measured and plotted for 15,33 and 50mol%Andro: 
DPPC (Fig4.35). 
 
Fig 4.35:  WAXS data d-spacings measured for 15 mol%Andro: DPPC (blue circles), 33 
mol%Andro: DPPC (red squares) and 50mol%Andro: DPPC (green triangles). 
 
The wide angle X-ray peak is broad for all Andro: DPPC systems and is 
temperature dependent.  The WAXS peak is ~4.2 Å for 15 and 33mol%Andro: 
DPPC at low temperatures and shifts to 4.5Å and 4.75 Å respectively by 60°C.  
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The broadness of the WAXS peak indicates disorder of the in-plane packing 
within the lipid bilayer.  It is difficult to distinguish between the Lo and Lα 
phase by WAXS as the profile and position of this peak is too similar for both 
phases.  However, the position of the WAXS peak does indicate a change in the 
separation between Andro and DPPC with increased Andro concentration and 
temperature.  The largest shift is seen for 33mol%Andro: DPPC, and is seen to 
decrease with addition of Andro to 50mol%Andro: DPPC.  Finally, a smaller 
shift in the WAXS peak is seen with 15mol%Andro: DPPC indicating the 
presence of the Lα phase. 
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 4.3 Discussion 
4.3.1 Phase transition temperature 
 
Like Chol, Andro depresses the phase transition of DPPC (41°C for pure 
DPPC), disrupting the gel phase and promoting a gel-fluid phase transition at 
lower temperatures with increasing Andro concentration; however disruption of 
the gel phase occurs at higher temperatures for Andro than that of Chol, 
indicating that Andro disrupts the gel phase less effectively than Chol.  This is 
discussed further below: 
 
The gel-fluid lamellar phase transition is seen in 31P static, 31P MAS, 1H MAS, 
13C MAS and 2H NMR.  The gel-fluid phase transition may also be seen with 
SAXS. 
 
There are various effects that contribute to the 31P lineshape: residual dipolar 
interactions and a distribution of chemical shifts.  31P MAS is a useful tool for 
further analysis of headgroup motion and conformation. The results show a 
decrease in 31P MAS linewidth with increasing temperature, indicating an 
increase in head-group motion with increasing temperature.  This is further 
evidence for a gel-fluid phase transition, where an increase in phospholipid 
motion is observed at higher temperatures.  As seen from 31P static and 31P 
MAS spectra, the temperature dependence of the linewidth diminishes with 
increased Andro concentration showing Andro to be acting as a spacer molecule 
in a similar manner to that of Chol.  
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Fig 4.36:  A comparison of the CSA peak width of 50mol%Andro: DPPC and 50mol%Chol: 
DPPC [6].  
 
It should be noted that the 31P MAS linewidths are particularly large for 33 
mol% Andro.  It is unclear why this occurs at present, however it could be due 
to the presence of a phase co-existence region at or near this Andro 
concentration giving rise to a number of conformational states which may result 
in a distribution of the chemical shift. 
 
The phase transitions of 15, 33 and 50mol% Andro: DPPC as observed in 31P 
MAS, 31P CSA, 1H MAS and SAXS all occur at different temperatures and 
show greater temperature dependence for 50 mol% Andro: DPPC than those of 
50 mol% Chol: DPPC [6], where the phase transition is so broad it is difficult to 
observe.  The different techniques used compare well with each other and have 
contributed to the formation of a temperature: composition diagram (fig. 4.40).  
This result ties in well with previous work done by McMullen et al [93] which 
show a residual DPPC chain-melting phase transition at sterol concentrations 
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above 50 mol% with shorter chain sterols.  This most probably occurs as a 
result of hydrophobic mismatch between the Andro and the DPPC (which has a 
monolayer hydrophobic thickness of ~16.5Å in the fluid lamellar phase and ~20 
Å in the gel phase), where the hydrophobic region of the bilayer is defined as 
the region between the sn-1 carbonyl groups of DPPC molecules in opposing 
monolayers.  At the gel-fluid phase transition, the hydrophobic thickness of the 
bilayer decreases by about 1/5 such that the presence of a steroid in the bilayer 
will affect the gel-fluid phase transition unless its length is approximately equal 
to the mean thickness of the DPPC bilayer. 
 
Although there is hydrophobic mis-match between Andro and DPPC, Andro 
with no side chain should decrease the gel-fluid phase transition temperature 
with respect to Chol since its molecular length is less than that of the PC 
monolayer.  However Andro, having no “tail” may not generate as much free 
volume as that of Chol, and so although there is increased disorder at all 
temperatures in the DPPC: Andro system, motion within the system as the 
temperature is increased is limited due to less free volume in the Andro: DPPC 
system, resulting in a higher gel-fluid phase transition than that of Chol: DPPC. 
 
Fig 4.36 compares the molecular length of Andro and Chol and demonstrates 
that its length is closer to that of the hydrophobic thickness of DPPC, implying 
that DPPC will have a higher affinity for Chol than for Andro. 
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Fig 4.37: Comparison in molecular structure between androsten-3β-ol (Andro), top [94] and 
cholesterol (Chol), bottom.  
 
 
 
4.3.2 Position of Andro within the bilayer 
 
31P static spectra show a gel-fluid phase transition with increased temperature 
which may be analysed quantitatively with Δσ.  A large Δσ value indicates 
limited thermal motion within the system, for example as seen in a gel phase.  
In all samples the Δσ value is reduced as temperature increases, indicating an 
increase in the rate of lateral diffusion and long axis rotation, typical of the 
formation of a fluid phase.  Δσ is also reduced as the Andro concentration is 
increased indicating that Andro, like Chol, acts as a spacer molecule between 
the phospholipids, increasing the free volume of the phosphate group.  Hence 
the spacer property must lie, in part within the 4-ring structure common to both 
sterols.  
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Fig 4.38:  A comparison between 50mol%Andro: DPPC and 50mol% Chol: DPPC [6]. 
 
However, Δσ values are larger for Andro than for Chol for 50 mol% mixtures 
with DPPC, and have a greater temperature dependence, again most probably as 
a result of the smaller size of Andro compared with that of Chol (fig 4.20) 
where the smaller size may result in multiple possible locations within the lipid 
bilayer. 
 
At lower temperatures the high order within the lipid chains may result in 
Andro lying deeper within the membrane leaflet, which is indicated by order 
profiles derived from 2H NMR where methylenes C2, C3 and C4 of the lipid 
acyl chain all have high order at low temperatures (fig 4.16).  At higher 
temperatures chain disorder increases, which may allow Andro to lie closer to 
the hydrophilic region of the membrane, hence satisfying the hydrophilic 
hydroxyl group.  This again is shown in the 2H data where the order parameter 
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for C4 of the acyl lipid chain decreases with increased temperature. The 
positional change in Andro may also affect freedom of motion within the 
phosphate group, hence resulting in a greater Δσ value for Andro than that of 
Chol. 
 
 
Fig 4.39 Accepted positions of Chol (A) and proposed positions for Andro (B and C) within 
the bilayer. 
 
4.3.3 Phase co-existence region 
 
In Chol: DPPC systems (40 – 60 mol%) a phase co-existence region is reported 
at low temperatures, which is evident from the 2H spectra of the perdeuterated 
phospholipids [6].  DPPC: 50 mol % Chol shows no fine structure in the 2H 
spectrum at 5 °C (278K), which is typical for a gel phase.  However an increase 
in temperature gives rise to the presence of fine structure (sharp peaks with the 
spectrum) as a result of a proportion of the lipids existing in the Lo phase [6].  
This is shown similarly with DPPC: 50 mol% Andro, where no fine structure 
appears until the temperature reaches 296-298K, suggesting that DPPC: Andro 
mixtures form a phase co-existence region in a similar manner to that of DPPC: 
Chol mixtures, the major difference being that phase co-existence in DPPC: 50 
mol% Chol is not seen above 10 °C (283K), whereas for DPPC: Andro 
mixtures, phase co-existence is evident until 25 °C (298K).   
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2H NMR is the most useful tool for the observation of a phase co-existence 
region, where other methods are problematic due to the similarity in the 
properties of the gel and the Lo phase.  Although gel and fluid lamellar phases 
show different peaks in 1H MAS NMR no co-existing sets of peaks are 
observed, which is possibly as a result of through-space coupling between 
protons causing an averaging between coexisting phases, resulting in a single 
peak. 
 
4.3.4 Formation of the Lo phase and its properties  
 
The Lo phase has been studied much in the past and has been assigned a number 
of properties that distinguish it from other lipid phases.  The Lo phase has a high 
degree of chain order together with fast lateral diffusion and long axis rotation 
of the lipid molecules.  Analysis of the order profiles of perdeuterated lipids is 
the best method for identifying the Lo phase.  However other methods for 
analysing the Lo phase show the changes, which occur within the Lo phase as a 
function of temperature, such as WAXS.   
 
2H experiments for Andro: DPPC-d62 systems and also the WAXS/SAXS data 
indicate that a Lo phase is formed. The high Andro content gives rise to resolved 
features suggesting an increase in the long axis rotation rate of the lipid 
molecules.  The large proportion of trans states in the lipid chains causes the 
magnitude of the quadrupolar splittings to be large, which is very characteristic 
of the Lo phase [71]. SAXS data show clear broadening of the gel-fluid phase 
transition as the Andro concentration is increased, an established property of Lo 
phase formation [93]. 
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DPPC forms a tilted gel phase below its Tm due to a mismatch in the area taken 
up by the head-group with respect to the acyl chains.  Addition of Chol, with its 
small polar ‘headgroup’ and relatively large hydrophobic cross sectional area 
(~30 Å2) [107] removes this tilting by reducing the above-mentioned packing 
area mismatch.  At higher temperatures the disorder increases, giving a yet 
greater area for the lipid molecules to occupy, thus allowing Chol to move 
closer to the hydrophilic region of the bilayer, which satisfies the polar hydroxyl 
group. A similar effect may occur with Andro; however the cross-sectional area 
of andro is less than that of Chol, and hence will remove the chain-tilt of DPPC 
less effectively, resulting in the presence of “less” free volume in the 
hydrocarbon region of the bilayer and the formation of an Lo phase at higher 
temperatures for Andro: DPPC mixtures.  
 
While other nuclei can be utilised to look at the nature of the gel-fluid phase 
transition and the change in thermal motion within specific nuclei, 1H MAS was 
found to be most useful for deriving the gel-fluid phase transition temperature.  
Table 4.2 shows a comparison of the effect of Andro and Chol on the Tm of 
DPPC. 
 
 
Conc. Sterol / 
mol% 
Chol: DPPC Tm / °C 
[6]/K 
Andro: DPPC 
Tm/ °C/K 
15 40/333 40/333 
33 23/296 29/302 
50 10/283 25/298 
Table 4.2: A comparison of the phase transition temperatures for the systems studied in this 
work (Andro: DPPC systems) with Chol: DPPC systems previously studied. 
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The Lo phase shows an increase in the inter-molecular spacing as temperature is 
increased.  This may be seen most easily with the wide-angle x-ray scattering 
(Fig 4.35), where an increase in the inter-molecular spacing is observed.  As 
observed with Chol: DPPC, an increase in the Andro concentration increases 
the d-spacing of the wide angle diffuse peak, but the temperature dependence is 
reduced.  However the temperature dependence for Andro is greater than that of 
Chol at all concentrations.   
 
Order parameters obtained from 2H NMR experiments for 33mol%Andro: 
DPPC and 50mol% Andro: DPPC show a reduction in the order of the lipid 
chains with increased temperature.  Like cholesterol, this variation is reduced 
with greater Andro concentration (Fig 4.25-4.26).  This is due to a limitation of 
the conformational state of the lipid which in turn increases the order parameter, 
where it is observed that the variation in order parameter with respect to 
temperature is greatly reduced at 50mol%Andro: DPPC compared with that of 
33mol%Andro: DPPC. 
Like chol, addition of Andro broadens the “melting” of the lipid chains over a 
greater temperature range (Fig 4.31).  This “melting” effect is seen for many 
other PC: Chol compositions, where for shorter chain lengths this occurs at a 
lower temperature, and increases with lipid chain length.  In a similar fashion to 
Chol an increase in the Andro concentration broadens and lowers the 
temperature of the phase transition.  This is also indicated by the increase in the 
lipid spacing observed in the wide angle x-ray data.   
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4.3.5 Temperature composition diagram 
Below is a suggested temperature composition diagram for 0-50mol% Andro: 
DPPC.  At low Andro: DPPC concentrations, the concentration of DPPC is high 
enough to assume that it acts as shown in previous Chol: DPPC phase diagrams 
and the Pβ’ phase is still found.  The temperature composition diagram of 
Andro: DPPC (Fig 4.38) is similar to that of Chol: DPPC, however the gel-fluid 
transition temperature is higher for all Andro: DPPC concentrations.  Also the 
Lβ + Lo phase co-existence remains at higher temperatures than that of Chol: 
DPPC systems, where pure Lo phase is not observed until 25°C for 
50mol%Andro: DPPC. 
 
 
Fig 4.40:  Temperature composition diagram for Andro: DPPC 0-50mol% Andro.  Squares 
represent the 2H data gathered here.  Large circles are 31P, 1H, 13C and SAXS data gained.  
Small circles are 1H data analysis of the methylene peak widths.  
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This increase in phase transition temperature may be attributed to hydrophobic 
mis-match between Andro and DPPC due to absence of the hydrocarbon tail 
group in Andro, which is present with cholesterol.  This mis-match results in 
decreased ordering of the lipid chains with increased Andro concentration when 
compared with cholesterol and thus indicates the hydrocarbon tail group of 
cholesterol plays a significant role in the phase behaviour of DPPC, and thus 
lipids in general. 
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4.4 Summary and conclusions 
The work presented here shows that like cholesterol, Andro disrupts the gel 
phase of DPPC, lowering the Tm with increasing Andro concentrations.  
However Andro depresses the gel-fluid phase transition temperature to a lesser 
degree than that of cholesterol, thus is acting as a less effective spacer molecule 
than that of cholesterol.  This is directly proportional to the hydrophobic volume 
of Andro, which is considerably smaller than that of cholesterol, which 
possesses a hydrocarbon tail.  
 
In a similar manner to cholesterol, Andro induces the presence of a phase co-
existence region at high Andro concentrations (50mol %) and low temperatures.  
However because the gel-fluid phase transition is higher for Andro containing-
systems than it is for cholesterol, this region is present at higher temperatures 
for 50 mol % Andro: DPPC than 50 mol% Chol: DPPC.  As before this is 
probably as a result of a mismatch in the molecular length of Andro with 
respect to the DPPC acyl chains.  
 
Andro forms an Lo phase at high Andro concentrations and at elevated 
temperatures, where the gel-fluid phase transition becomes increasingly broad 
with increased Andro concentration.  However the broadening is less distinct 
with Andro which still shows a temperature dependence for 31P MAS, 31P static 
and 1H MAS at 50 mol% Andro: DPPC, indicating that Andro is a less effective 
phase moderator than cholesterol and suggesting that the tail of cholesterol 
plays a role in this property.  
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Chapter 5 
 
The phase behaviour of DPPC: 4β-
hydroxycholesterol 
 
5.1 Background 
 
4β-hydroxycholesterol (fig 5.1) is one of the quantitatively most important 
oxysterols in the human circulation [95, 96].  It has been shown that it is formed 
by the drug metabolising enzyme cytochrome P450 3A4 [97] .  Oxysterols are 
cholesterol oxidation products where the major products are 27-
hydroxycholesterol, 24-hydroxycholesterol and 7α-hydroxycholesterol with 4β-
hydroxycholesterol [98].  Interestingly it has been reported that patients treated 
with the anti-epileptic drugs phenobarbitol, cabamazepine or phenytoin have 
highly elevated levels of plasma 4β-hydroxycholesterol [99].  The reason for 
this is thought to be that these anti-epileptic drugs induce the production of 
cytrochrome P450 3A4. 
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Fig 5.1:  Molecular structure of 4β-hydroxycholesterol (c) as compared with cholesterol (b) and 
Andro (a). 
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Cholesterol oxidation products are thought to have many biological actions 
including bile acid synthesis, cholesterol transport and gene regulation.  
Oxysterols are also toxic to cells and can induce apoptosis [98]. 
 
Very little is known about the formulation and metabolism of 4β-
hydroxycholesterol, though it has been shown that small amounts of 4β-
hydroxycholesterol are formed during in vitro oxidation of low density 
lipoprotein and small amounts have been found in atherosclerotic plaques [98].  
It is thought that very little 4β-hydroxycholesterol is formed by cholesterol 
auto-oxidation, but largely in vivo by an enzymatic reaction [98]. 
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5.2 Results  
 
5.2.1 31P CSA NMR 
 
As previously stated, the powder patterns that arise from 31P NMR are 
dominated by CSA.  These patterns are characteristic as a result of the 
anisotropic structure of the lipid bilayer.  Lamellar phases give rise to similar 
CSA patterns; however the width of the powder pattern varies between the 
phases.  The gel phase tends to give rise to much broader patterns than that of 
the fluid lamellar (Lα) phases. 
 
Fig 5.2:   31P static MNR 15mol%4β-hydroxycholesterol: DPPC, temp. range 278-328K. 
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Fig 5.3:   31P static MNR 33mol%4β-hydroxycholesterol: DPPC, temp. range 278-328K. 
 
 
 
 
Fig 5.4:   31P static MNR 50mol%4β-hydroxycholesterol: DPPC, temp. range 278-328K. 
 
 144 
The width of the CSA powder pattern is measured as Δσ, which is affected by 
temperature and steroid concentration.   
 
 
Fig 5.5:   31P CSA peak width (Δσ) of DPPC: 15 mol% 4β-hydroxycholesterol (circles), DPPC: 
33 mol%4β-hydroxycholesterol (diamonds) and DPPC: 50 mol%4β-hydroxycholesterol 
(squares), 278-328K (10K steps). 
 
 
As seen with cholesterol, the effect of temperature is apparent and may be seen 
in fig 5.5.  The two major features of the change in Δσ seen here is similar to 
those changes seen with a change in cholesterol concentration in DPPC.  
 
The magnitude of Δσ is reduced as the concentration of 4β-hydroxycholesterol 
is raised.  It is this feature that shows that like cholesterol, 4β-
hydroxycholesterol acts as a spacer molecule between phospholipids, increasing 
the free volume of the phosphate group.  Secondly, at low temperatures the 
CSA patterns are very broad, which may be due to slow long axis rotation at 
low temperatures, which suggests the presence of the gel phase at low 
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temperatures or a phase co-existence between the Lo and Lβ phases at higher 4β-
hysdroxycholesterol concentrations. 
 
5.2.2 31P MAS NMR 
31P is naturally abundant and it’s presence in lipid headgroups means that 
the structure and dynamics of the lipid headgroup region may be analysed 
with this method.  Without the use of MAS a powder pattern is observed 
(figs. 5.2-5.4) within the spectrum, however MAS removes the contributions 
of CSA and dipolar coupling giving rise to an isotropic peak (figs. 5.6-5.8).  
The satellites seen in the spectra are spinning side bands which occur as a 
result of spinning at a speed that cannot totally removed the CSA 
contribution.  Spinning at speeds fast enough to totally remove CSA results 
in frictional heating of the sample. 
 
Fig 5.6:   31P MAS MNR 15mol%4β-hydroxycholesterol: DPPC, temp. range 278-328K. 
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Fig 5.7:   31P MAS MNR 33mol%4β-hydroxycholesterol: DPPC, temp. range 278-328K. 
 
 
 
 
Fig 5.8:   31P MAS MNR 50mol%4β-hydroxycholesterol: DPPC, temp. range 278-328K. 
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The half height full peak widths may be measured and are shown in the figure 
below (fig 5.9): 
 
Fig 5.9:   31P MAS peak widths of 15 mol%4β-hydroxycholesterol: DPPC, 33 mol% 4β-
hydroxycholesterol: DPPC and 50 mol%4β-hydroxycholesterol: DPPC, 10K steps.  Lines are a 
guide to the eye. 
 
As seen with the 31P CSA, the 31P MAS peak widths are broader at lower 
temperatures, which is again probably due to slow long axis rotation of the lipid 
at low temperatures.  As the temperature is increased the half-height full-width 
of the MAS peak is narrowed, which again suggests a gel-fluid phase transition.  
Finally, as seen with the 31P CSA, an increase in 4β-hydroxycholesterol 
concentration causes a narrowing of the MAS peak width to occur at lower 
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temperatures which again suggests that 4β-hydroxycholesterol, like cholesterol, 
acts as a spacer molecule between phospholipids. 
 
5.2.3 1H MAS NMR 
The large gyromagnetic ratio and high natural abundance of this nucleus means 
that 1H is dominated by dipolar coupling; however the dipolar coupling is 
dependent upon the distance between nuclear spins and is averaged by fast 
molecular motion.  This information gives insight into the structure and 
dynamics of the lipids.  The other major use of 1H MAS NMR is that a 
spectrum may be obtained relatively fast with a relatively small amount of 
sample required.  
Different regions of the lipid and cholesterol show characteristic chemical 
shifts.  This is detailed in table 5.1: 
Lipid segment Chemical shift δ/ppm 
CH3 0.87 
(CH2)n 1.31 
CH2-CO 2.30 
N-(CH3)3 3.23 
CH2-N 3.66 
CH2-OP (Glycerol) 4.01 
PO-CH2 (Choline) 4.28 
OCO-CH2 (Glycerol) 4.28 
OCO-CH (Glycerol) 5.28 
HDO 4.42 
Table 5.1:  Typical 1H MAS chemical shifts for DPPC: 40 mol% Chol. 
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1H NMR spectra were obtained for 15, 33 and 50 mol% 4β-hydroxycholesterol 
and are shown below (figs. 5.10-5.12): 
 
Fig 5.10:  1H MAS MNR 15mol%4β-hydroxycholesterol: DPPC, temp. range 278-328K. 
 
 
 
 
 
Fig 5.11:  1H MAS MNR 33mol%4β-hydroxycholesterol: DPPC, temp. range 278-328K. 
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Fig 5.12:   1H MAS MNR 50mol%4β-hydroxycholesterol: DPPC, temp. range 278-328K. 
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Within the region of 0.0-2.5ppm the signal is largely dominated by the lipid 
chain methylenes, but there is also a contribution from the 4β-
hydroxycholesterol molecules, as is seen with Chol: DPPC mixtures. 
Increasing the concentration of 4β-hydroxycholesterol causes a narrowing of the 
methylene chain peaks at lower temperatures in a similar manner to that of 
Chol: DPPC mixtures.  This may be due to a reduction in the dipolar coupling 
with added 4β-hydroxycholesterol, which may be due to either an increase in 
lipid motion or an increase in the distance between coupled protons. 
An increase in temperature causes continuous line narrowing of the chain 
methylenes, as a result of increased motion within the 4β: DPPC systems as a 
result of increased motion within the chain methylenes.  This suggests a phase 
transition from gel to fluid phase, where an increase in 4β-hydroxycholesterol 
concentration causes this gel-fluid phase transition to occur at lower 
temperatures with increased 4β-hydroxycholesterol concentration.  This feature 
is also seen with Chol: DPPC systems. 
Because 1H NMR is a most useful method for looking at the phase transition 
temperature, all systems were looked at again with 1H NMR at 2K intervals to 
get a more accurate value for the Tm.  1H NMR spectra were again taken for the 
three systems studied at a temperature range of 10K within which the phase 
transition was known to occur from the date above.  Spectra were recorded at 
2K intervals to give an accurate measurement of the phase transition, Tm (figs. 
5.13-5.15). 
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Fig 5.13:   1H MAS MNR 15mol%4β-hydroxycholesterol: DPPC, temp. range 308-318K. 
 
 
 
 
Fig 5.14:   1H MAS MNR 33mol%4β-hydroxycholesterol: DPPC, temp. range 298-308K. 
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Fig 5.15:   1H MAS MNR 50mol%4β-hydroxycholesterol: DPPC, temp. range 288-298K. 
 
 
 
The phase transition temperature, Tm, appears to occur over a broader 
temperature range with increased 4β-hydroxycholesterol concentration.  An 
accurate measurement is also retrieved from these spectra and is discussed 
further in section 5.3.2.  The increased temperature range over which Tm occurs 
with increased 4β-hydroxycholesterol concentration is more clearly seen via the 
data shown below (figs. 5.16 and 5.17), which may also indicate the presence of 
a phase co-existence region. 
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Fig 5.16:   1H MAS peak widths of the N-(CH3)3 group.  15mol% 4β-hydroxycholesterol: 
DPPC. 
 
 
Fig 5.17:   1H MAS peak widths of the N-(CH3)3 group.  33mol% 4β-hydroxycholesterol: 
DPPC. 
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5.2.4 2H NMR 
As previously stated, deuterium labels such as DPPC-d62 may be employed to 
analyse the behaviour of the lipid chains within the bilayer (fig5.18) 
   
 
Fig 5.18:  Molecular structure of DPPC-d62. 
 
Deuterium NMR is dominated by quadrupolar coupling and provides 
information on lipid chain dynamics via a non-perturbing method.   
At lower temperatures the powder pattern is indicative of a gel phase with no 
fine structure present, as a result of slow long axis rotation.  An increase in 
temperature gives resolved splittings that become increasingly narrowed as a 
result of an increase in inter-lipid spacing and a decrease in the lipid chain order 
(figs. 5.19-5.21).   
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Fig 5.19:    2H spectrum of 15 mol%4β-hydroxycholesterol: DPPC-d62, temp. range 306-328K. 
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Fig 5.20:   2H spectrum of 33 mol%4β-hydroxycholesterol: DPPC-d62, temp. range 296-312K. 
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Fig 5.21:   2H spectrum of 50 mol%4β-hydroxycholesterol: DPPC-d62, temp. range 282-298K. 
As seen with chol: DPPC mixtures, low temperatures give rise to a broad 
powder pattern with no fine structure seen, which is indicative of a gel phase.  
This is thought to be a result of slow long-axis rotation of the lipid on the NMR 
timescale.  Increasing the 4β-hydroxycholesterol concentration gives rise to 
resolved fine structure suggesting an increase in long axis rotation within the 
lipid molecules, where this occurs at lower temperatures as the concentration of 
4β-hydroxycholesterol is increased.  
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Each spectrum may be de-Paked and the quadrupolar splittings measured.  This 
removes the anisotropy present within the systems and shows the magnitude of 
the quadrupolar splitting when the C-2H bond is aligned parallel to the aligned 
magnetic field.  As with chol: DPPC systems, two methyl peaks are seen at the 
centre of the powder pattern which arises as a result of in-equivalence within 
the sn-1 and sn-2 chains of DPPC-d62.    The quadrupolar splittings have been 
measured and plotted and are shown in figs. 5.22-5.24.  
 
Fig 5.22:   Depaked quadrupolar splittings of 15 mol%4β-hydroxycholesterol: DPPC-d62 for 
each C-2H bond of the lipid chain, 306-328 K. 
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Fig 5.23:   Depaked quadrupolar splittings of 33 mol%4β-hydroxycholesterol: DPPC-d62 for 
each C-2H bond of the lipid chain, 296-312 K. 
 
Fig 5.24:   Depaked quadrupolar splittings of 50 mol%4β-hydroxycholesterol: DPPC-d62 for 
each C-2H bond of the lipid chain, 282-298 K. 
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The order parameters for each of the lipid chain segments may be derived via a 
manipulation of the de-Paked data for each C-2H bond, which when plotted 
gives rise to an order parameter profile for the lipid chains at each temperature 
studied.  These are shown below in figs. 5.25-5.27. 
 
Fig 5.25:   Order parameters for 15 mol%4β-hydroxycholesterol: DPPC-d62 for each C-2H 
bond of the lipid chain, 308-328 K. 
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Fig 5.26:   Order parameters for 33 mol%4β-hydroxycholesterol: DPPC-d62 for each C-2H 
bond of the lipid chain, 296-312 K. 
 
Fig 5.27:   Order parameters for 50 mol%4β-hydroxycholesterol: DPPC-d62 for each C-2H 
bond of the lipid chain, 282-298 K. 
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In a similar manner to that observed with Chol: DPPC mixtures, there is a 
progressive decrease in the value of the order parameter on moving down the 
acyl chain of the lipid towards the centre of the bilayer.  Also, for all systems 
studied the order parameter is reduced as the temperature is increased.  An 
increase in the concentration of 4β-hydroxycholesterol raises the value of the 
order parameter.  This is particularly clear as the concentration is increased 
from 15 to 33mol% 4β-hydroxycholesterol.  This suggests an increase in the 
ordering of the lipid chains at the 4β-hydroxycholesterol.  Finally the variation 
in the order parameters between the lowest and highest temperature studied is 
reduced as 4β-hydroxycholesterol concentration is increased. 
 
5.2.5 SAXS 
As with the Andro: DPPC systems SAXS was employed to look at the in-plane 
packing of the bilayer and to check that no crystalline cholesterol was present 
within any of the systems studied.  SAXS data was obtained for 15, 33 and 
50mol% 4β-hydroxycholesterol: DPPC and are shown below in figs. 5.28-5.30.  
 
   
Fig 5.28:   SAXS images taken from 15mol%4β-hydroxycholesterol: DPPC.  Left at 278K, 
middle at 313K (the phase transition temperature), right at 333K. 
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Fig 5.29:   SAXS images taken from 33mol%4β-hydroxycholesterol: DPPC.   Left at 278K, 
middle at 298K (the phase transition temperature), right at 333K. 
 
 
 
 
   
 
Fig 5.30:   SAXS images taken from 50mol%4β-hydroxycholesterol: DPPC.   Left at 278K, 
middle at 288K (the phase transition temperature), right at 333K. 
 
 
The d-spacing of the lamellar rings may be measured and gives an indication of 
both the phase transitions temperature and the sharpness of the phase transition.  
A broadening of the phase transition indicates the presence of the liquid ordered 
phase.  The d-spacing (measured in Angstroms) for all the systems studied is 
shown in the figure below (fig. 5.31):   
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Fig 5.31:   SAXS data d-spacings measured for 15 mol%4β-hydroxycholesterol: DPPC (blue 
diamonds), 33 mol%4β-hydroxycholesterol: DPPC (red squares) and 50mol%4β-
hydroxycholesterol: DPPC (green triangles). 
 
SAXS data obtained also shows a gel to fluid phase transition occurring for all 
4β-hydroxycholesterol: DPPC systems studied.  An increase in temperature 
gives rise to a decrease in the repeat layer spacings in a manner that is 
consistent with the occurrence of a gel to fluid phase transition. 
As seen with Chol: DPPC systems, an increase in 4β-hydroxycholesterol 
concentration shows the gel to fluid phase transition to occur at lower 
temperatures, which again suggests that 4β-hydroxycholesterol is acting as a 
spacer molecule, fluidising the gel phase.  Also, the gel to fluid phase transition 
occurs over a broader temperature range with an increase in 4β-
hydroxycholesterol concentration, a property which has been attributed to the 
formation of the Lo phase. 
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5.2.6 WAXS 
Again, WAXS was employed to look at the wide angle peak at ~4.2 Å which 
occurs for all lamellar phases.  The images below show examples of WAXS 
data obtained for 15, 33 and 50mol%4β-hydroxycholesterol: DPPC (figs. 5.32-
5.34.) 
   
Fig 5.32:  WAXS images taken from 15mol%4β-hydroxycholesterol: DPPC.  left at 278K, 
middle at 313K (the phase transition temperature), and right at 333K. 
   
Fig 5.33:  WAXS images taken from 33mol%4β-hydroxycholesterol: DPPC.  Left: at 278K, 
middle at 300K (the phase transition temperature), right at 333K. 
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Fig 5.34:  WAXS images taken from 50mol%4β-hydroxycholesterol: DPPC.  Left at 278K, 
middle at 288K (the phase transition temperature), right at 333K. 
 
 
Fig 5.35:   WAXS data d-spacings measured for 15 mol%4β-hydroxycholesterol: DPPC (blue 
diamonds), 33 mol%4β-hydroxycholesterol: DPPC (red squares) and 50mol%4β-
hydroxycholesterol: DPPC (green triangles). 
 
The wide angle x-ray peak is broad for all 4β-hydroxycholesterol: DPPC 
systems studied and shows a strong temperature dependence as has been 
previously observed with Chol: DPPC systems.  The broadness of the wide 
angle peak indicates that the in-plane packing of the molecules within the 
 168 
bilayer is disordered, suggesting the presence of the fluid lamellar phase.  
However, as previously stated, it is difficult to distinguish between the Lα and 
the Lo phase using WAXS alone since the position and nature of this peak is 
very similar for both phases (a relatively broad peak is observed at 4.2 
Angstrom).  The largest shifts in the position of the diffuse wide angle peak 
with increased temperature are seen for the lowest 4β-hydroxycholesterol 
concentration, a feature also seen with Chol: DPPC systems previously studied. 
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5.3 Discussion 
5.3.1 Phase transition temperature 
In a similar manner to that of Chol, 4β-hydroxycholesterol depresses the phase 
transition temperature of DPPC.  4β-hydroxycholesterol disrupts the gel phase 
and promotes a gel-fluid phase transition which occurs at lower temperatures as 
the concentration of 4β-hydroxycholesterol is increased.  This gel-fluid phase 
transition may be observed from 31P CSA, 31P MAS, 1H MAS, 2H NMR and 
SAXS and occurs at lower temperatures with increased 4β-hydroxycholesterol 
concentration.  The table below compares the phase transition temperature of 
Chol: DPPC systems previously studied and the systems studied in this work, 
4β-hydroxycholesterol: DPPC. 
 
Conc. Sterol / 
mol% 
Chol: DPPC Tm / °C 
[6]/K 
4β-
hydroxycholesterol: 
DPPC Tm/ °C/K 
15 40/313 40/313 
33 23/296 25/298 
50 10/283 15/288 
Table 5.2:   A comparison of the phase transition temperatures for the systems studied in this 
work (4β-hydroxycholesterol: DPPC systems) with Chol: DPPC systems previously studied. 
 
As previously stated, there are two major effects that contribute to the 31P 
lineshape which are residual dipolar interactions and a distribution of chemical 
shifts.  At low temperatures a broad powder pattern is seen in the 31P CSA 
spectrum, where increasing the temperature causes a narrowing of the powder 
pattern, which occurs at lower temperatures with increased 4β-
hydroxycholesterol content in a similar manner to that of Chol.  This is 
consistent with 4β-hydroxycholesterol acting as a spacer molecule in a similar 
 170 
manner to that of Chol, increasing the free volume of the phosphate group and 
thus allowing greater motion within this region of the lipid.  This feature is also 
observed in 31P MAS as the broadness of the isotropic MAS peak is reduced 
with increased temperature, also indicating increased motion within the lipid 
phosphate group.  As with 31P CSA the narrowing of the 31P MAS peak occurs 
at lower temperatures with increased 4β-hydroxycholesterol concentration. 
 
Within the 1H MAS spectra, a narrowing of the chain methylene peaks is 
observed as temperature is increased, indicating a gel-fluid phase transition.  As 
seen with 31P spectra, this narrowing of the chain methylene peaks occurs at 
lower temperatures with increased 4β-hydroxycholesterol in a similar manner to 
that of cholesterol.  Again, the narrowing of the 1H MAS peaks is as a result of 
increased long axis rotation and lateral diffusion as temperature is increased, 
which are features of the formation of a fluid lamellar phase. 
 
SAXS data obtained also shows the presence of a gel-fluid phase transition.  At 
low temperatures the d-spacing measured is large, at ~70 Å, which is as a result 
of the lipid chains existing in a trans state.  An increase in temperature gives 
rise to a decrease in the repeat layer spacing as disorder within the lipid chains 
id increased with a rise of temperature.  Finally, the repeat layer spacing 
observed at low temperatures decreases with increased 4β-hydroxycholesterol 
concentration, reducing the degree of trans states present within the lipid chains 
and thus decreasing the size of the repeat layer spacing.  
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5.3.2 Phase co-existence region 
In Chol: DPPC systems of 40-60mol%Chol [6] and in higher concentrations of 
Andro: DPPC systems (see section 4.3.1) a phase co-existence region is seen at 
low temperatures.  This phase co-existence region is observed via the 2H NMR 
spectra of perdeuterated phospholipids. 
 
DPPC: 50mol%Chol shows no fine structure in the 2H NMR spectrum at low 
temperatures, which is a feature of the presence of the gel phase.  With an 
increase of temperature, fine structure within the 2H spectrum is observed, 
which is as a result of some of the lipids existing in the Lo phase.  The existence 
of fine structure within the spectrum as temperature is increased is as a result of 
fast long-axis rotation within the Lo phase, a reported property of this phase.  
These features are also seen with DPPC: 50mol%4β-hydroxycholesterol 
suggesting that DPPC: 4β-hydroxycholesterol mixtures containing sufficient 
4β-hydroxycholesterol form a phase co-existence region in a similar manner to 
that of DPPC: Chol systems. 
Observing this type of phase co-existence is difficult and is not easily seen 
using many methods, with the exception of 2H NMR.  The fast lateral diffusion 
present within the Lo phase combined with disordered packing of the molecules 
within the plane of the bilayer results in a broad x-ray diffraction peak at ~4.2 Å 
within the wide angle region however, the wide angle x-ray peak observed 
when sufficient Chol is introduced into a gel phase causing a disruption to the 
lipid packing and a similar broad x-ray diffraction peak is observed even though 
lateral diffusion is slow in the gel phase.  This feature is also seen with an 
increased concentration of 4β-hydroxycholesterol being introduced into DPPC. 
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Observing a gel and fluid phase co-existence is also not easily observed with 1H 
NMR.  Gel and fluid phases show different peaks in the 1H NMR as a result of 
partial averaging of dipolar interactions by the larger intermolecular distance 
and increased motion in the fluid phase.  However, no sets of super-imposed 
peaks are observed within the 1H NMR spectra taken. 
 
For Lβ-Lα phase co-existence, an averaged signal is observed for the chain 
protons, giving rise to a peak broadening within the spectrum.  Something 
similar is expected for Lβ-Lo phase co-existence, however it is difficult to 
determine whether the peak broadness is due to a single Lo phase or as a result 
of phase co-existence between the Lβ and Lo phase.  
 
 
5.3.3 Position of 4β-hydroxycholesterol within the bilayer 
 
As previously shown, DPPC forms a tilted gel phase below its phase transition 
temperature as a result of a mismatch in the area occupied by the headgroup 
with respect to the acyl chains.   It has been reported that the addition of Chol, 
with its relatively large hydrophobic cross sectional area (the ABCD steroid 
ring system) removes this tilting by reducing the packing area mismatch 
exhibited by DPPC.  If temperature is increased, disorder within the lipid chains 
also increases, giving the lipid molecules a greater area in which to occupy 
allowing Chol to move from deeper within the hydrophobic region of the 
bilayer to the more hydrophilic region allowing the polar hydroxyl group to be 
satisfied.  Since 4β-hydroxycholesterol also has the ABCD steroid ring system, 
it exhibits a similar pattern as that reported with DPPC: Chol systems, 
increasing the free volume within the hydrocarbon region of the bilayer thus 
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giving rise to the formation of the Lo phase with sufficient concentrations of 4β-
hydroxycholesterol. 
 
4β-hydroxycholesterol however, has an extra hydroxyl group (in the 4β position 
on the steroid ring system as the name suggests) present, thus the hydrophilic 
region present in 4β-hydroxycholesterol is larger than that of chol.  The 
headgroup region of 4β-hydroxycholesterol is greater than that of cholesterol, 
meaning that 4β-hydroxycholesterol is more sterically bulky than that of 
cholesterol.  Therefore the DPPC hydrocarbon chains would need to be more 
fluid in the presence of 4β-hydroxycholesterol than that of cholesterol in order 
for the polar hydroxyl groups of 4β-hydroxycholesterol to be satisfied.  The 
extra hydroxyl group present in 4β-hydroxycholesterol may also cause 
electrostatic repulsion in the headgroup region of the bilayer.  These combined 
features mean that Lo phase formation occurs at slightly higher temperatures at 
equivalent 4β-hydroxycholesterol concentrations when compared with 
cholesterol. 
 
Finally, there have been two possible locations suggested for the location of 
Chol within lipid systems.  For highly unsaturated lipids it has been suggested 
that Chol locates itself horizontally between the lipid bilayer due to steric 
restrictions; the immobile, bulky steroid ring system is unable to locate itself 
between the lipid chains due to chain splay exhibited in highly unsaturated 
lipids.  DPPC however, is a saturated lipid and Chol may locate laterally 
between the lipid chains due to the absence of steric restrictions.  This position 
also satisfies both the hydrophilic headgroup and the hydrophobic ring system 
of Chol.  4β-hydroxycholesterol with it’s extra hydroxyl group will favour the 
lateral position even more than Chol which will allow the larger hydrophilic 
region to be satisfied. 
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5.3.4 Presence of the Lo phase 
 
As previously stated, the Lo phase has a high degree of chain order together 
with fast lateral diffusion and long axis rotation of the lipid molecules.  As 
shown in chapter 4, the Lo phase is best defined using 2H NMR spectroscopy 
where the Lα and Lo phase may be easily differentiated by a difference in the 
broadness of the 2H powder pattern exhibited.  The Lα phase exhibits a powder 
pattern of approx. 26Khz, whereas the Lo phase gives rise to a broader powder 
pattern of approx. 42khz.  Like DPPC-d62: Chol, DPPC-d62: 4β-
hydroxycholesterol mixtures form the Lo phase when the concentration of 4β-
hydroxycholesterol is sufficiently increased.  DPPC-d62: 33 and 50mol%4β-
hydroxycholesterol mixtures show the broader 2H NMR powder patterns 
consistent with the formation of the Lo phase when the temperature is 
sufficiently raised in a similar manner to that of DPPC-d62: Chol mixtures.  
DPPC-d62: 15mol%4β-hydroxycholesterol exhibits a 2H NMR powder pattern 
consistent with that of the formation of the Lα phase at raised temperatures, in a 
similar manner to that of DPPC-d62: 15mol%Chol. 
 
Order profiles obtained from 2H NMR data of perdeuterated lipids allow one to 
observe the change in order within the lipid chains as a function of temperature.  
Increasing the temperature reduces the order profile for all carbon segments 
within the lipid chain.  The most marked variation in order is seen with DPPC-
d62: 15mol%4β-hydroxycholesterol where a sharp reduction in order profile for 
all carbon positions within the lipid chain is seen as temperature is increased.  
This is consistent with an Lβ-Lα phase transition occurring with an increase in 
temperature within the system.  The variation in order profile is reduced as the 
concentration of 4β-hydroxycholesterol is increased and at DPPC-d62: 
50mol%4βhydroxycholesterol, the order profiles are comparable with DPPC-
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d62: Chol [6], indicating Lo phase formation in a similar manner to that of Chol: 
DPPC-d62 systems previously studied.  Another property of Lo phase formation 
is increased order within the lipid chains as a result of increased Chol 
concentration.  DPPC-d62: 15mol%4β-hydroxycholesterol exhibits low order 
profiles at increased temperature indicating formation of an Lα phase, where the 
lipid chains are disordered.  DPPC-d62: 33 and 50mol%4β-hydroxycholesterol 
show high order profiles at all temperatures indicating a phase transition of Lβ+ 
Lo phase to Lo phase, which is comparable to the phase behaviour of DPPC-d62: 
Chol systems at similar Chol concentrations. 
 
The Lo phase has also been shown to increase the temperature range over which 
the phase transition occurs, due largely to a “melting” of the glycerol region of 
the lipid.  The “melting” of the glycerol region is affected by the concentration 
of Chol; the higher the Chol concentration the broader the phase transition is 
together with an increased depression in phase transition temperature.  The 
SAXS and WAXS data presented here shows that these properties are exhibited 
with DPPC: 4β-hydroxycholesterol systems as well.  SAXS data obtained 
shows that an increase in 4β-hydroxycholesterol concentration broadens the 
temperature range over which the gel-fluid phase transition occurs, which is 
consistent with the presence of the Lo phase.  The exception to this is DPPC: 
15mol%4β-hydroxycholesterol which shows a much smaller range over which 
the phase transition occurs, which is consistent with the formation of the Lα 
phase with increased temperature.  Like Chol:  DPPC mixtures, WAXS data 
shows that on addition of 4β-hydroxycholesterol at lower temperatures a diffuse 
wide angle peak is observed at ~4.2 Å, which is raised with increased 
temperature due to increased motion within the system.  Although this spacing 
is similar to that observed with a system in the gel phase, a peak arising from 
the gel phase is much sharper due to the nature of the packing of the lipids in 
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this phase.  The data presented here  shows the presence of a diffuse wide-angle 
peak at ~4.2 Å at lower temperatures for DPPC: 33 and 50mol%4β-
hydroxycholesterol, indicating the presence of the Lo phase in these systems.  
DPPC: 15mol%4β-hydroxycholesterol gives rise to a much sharper peak at ~4.2 
Å, indicating the presence of a pure Lβ phase at lower temperatures within this 
system. 
 
5.3.5 Temperature: composition diagram 
 
Shown below is a temperature: composition diagram for 0-50mol%4β-
hydroxycholesterol: DPPC.  At low 4β-hydroxycholesterol concentrations (0-
15mol %) the concentration of DPPC is sufficient to assume the system behaves 
as shown with Chol: DPPC, where the tilted gel phase (Pβ’) is found at low 
steroid concentrations.  The gel-fluid phase transition temperature for DPPC: 
4β-hydroxycholesterol systems are slightly higher than that of Cholesterol: 
DPPC systems and Lα + Lo phase co-existence exists at higher temperatures 
than that of comparable concentrations of DPPC: Cholesterol systems.  Finally, 
at 50mol%4β-hydroxycholesterol, pure Lo phase is not seen until 15°C. 
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Fig 5.36:   Temperature: composition diagram for model 4β-hydroxycholesterol systems.  Large 
squares represent the 2H data gathered here.  Small squares are 31P, 1H, 13C and SAXS data 
gained.   Circles are 1H data analysis of the methylene peak widths.  
 
The difference in phase transition temperature is not significant; however, the 
slight increase may be attributed to the increased steric hindrance in the 
headgroup region of 4β-hydroxycholesterol due to the presence of an extra 
hydroxyl group within the headgroup region of the steroid.  The extra hydroxyl 
group may also increase the possibility of electrostatic repulsions between the 
headgroups of 4β-hydroxycholesterol and DPPC, making the satisfaction of the 
hydrophilic headgroup region (4β-hydroxycholesterol movement from deep 
within the bilayer towards that which is exposed to water) less favourable.  Both 
of these features may account for higher phase transition temperatures for 33 
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and 50mol% 4β-hydroxycholesterol: DPPC than that of Cholesterol: DPPC 
systems at comparable concentrations. 
5.4 Summary and conclusions 
This work shows that like Chol and Andro, 4β-hydroxycholesterol disrupts the 
gel phase of pure DPPC, lowering the Tm of DPPC as the concentration of 4β-
hydroxycholesterol is increased.  Like Andro, 4β-hydroxycholesterol is less 
efficient at depressing the phase transition temperature of DPPC than Chol.  
This may be attributed to increased steric hindrance in the headgroup region of 
4β-hydroxycholesterol compared with Chol as a result of the presence of an 
extra hydroxyl group.  This hydroxyl group may also cause increased 
electrostatic repulsions between the headgroups of 4β-hydroxycholesterol and 
DPPC compared with that of Chol and DPPC. 
Like Chol, 4β-hydroxycholesterol induces a phase co-existence region at high 
concentrations and low temperatures.  However, this region remains at higher 
temperatures for 50mol% 4β-hydroxycholesterol: DPPC compared with 
50mol% Chol: DPPC.  This again may be due to steric and electrostatic 
repulsions between the headgroups of 4β-hydroxycholesterol and DPPC. 
As expected, 4β-hydroxycholesterol forms an Lo phase at high 4β-
hydroxycholesterol concentrations and elevated temperatures, where in a similar 
manner to Chol, the temperature range over which the phase transition occurs 
broadens with increased 4β-hydroxycholesterol concentration.  Unlike Andro 
and more like Chol, there is very little temperature dependence shown at 
50mol%4β-hydroxycholesterol: DPPC for 31P MAS, 31P static and 1H MAS, 
indicating that the tail group region (present in chol and 4β-hydroxycholesterol 
but absent in Andro) plays a significant role in this property. 
 179 
 
 
 
 
 
Chapter 6 
 
Cholesterol desorption with methyl-β-
cyclodextrin: Chol flip-flop 
 
6.1 Background 
 
Because chol has a simple headgroup region, the measurement of its flip-flop is 
more difficult than that of fatty acids, which often contain more complex 
headgroup regions.  Therefore cholesterol flip-flop has not been directly 
measured, even in simple model membranes such as the ones used in this work.  
As previously stated (see section 1.8.1), early studies with phospholipid vesicle 
gave a chol flip-flop upper limit of seconds[58], [[60] to hours [59],[61], giving 
rather a broad estimation for the chol flip-flop rate. 
 
Studies of analogues and/or derivatives of chol support the idea of fast chol flip-
flop.  The first study monitored the rate of reduction of spin-labelled analogues 
of chol, androstane and cholestane by an impermeable reagent and estimated 
flip-flop of both analogues in SUV’s prepared from phospholipids and in 
erythrocytes [62].  A second study used the intrinsic fluorescence of the 
cholesterol analogue dihydroergosterol which allowed continuous monitoring of 
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its transfer from SUV/LUV’s to cyclodextrin [63].  However although the 
structural differences between dihydroergosterol and chol are small, some of 
their physical properties are quite different, which may include their flip-flop 
rate within a membrane. 
 
In recent years two new studies for estimating the upper limit of cholesterol 
flip-flop have used cyclodextrin to catalyze the transfer of chol from donor to 
acceptor membranes [100, 101].  The first method separated donor and acceptor 
vesicles, which had slightly different compositions on a column that was chilled 
to stop the transfer of cholesterol.  Once β-cyclodextrin was added, all of the 
cholesterol transferred rapidly from donor vesicles to the acceptors.  A slightly 
different approach incubated methyl β-cyclodextrin with erythrocytes and 
separated the cells and cyclodextrin by centrifugation after the application of a 
solution to stop transfer.  This method gave a t1/2 of <1s [101].  However, 
methods using transfer coupled with separation have time limitations and 
require good separation. 
 
The flip-flop of bile acids has been quantified by NMR measurements of the 
dynamic exchange of bile acid molecules between the inner and outer leaflets of 
SUV’s.  The method used is to perturb one NMR signal and detect the response 
of the other signal [65].  Unlike transfer experiments, this method shows that 
flip-flop is a dynamic process and is therefore not dependent on a concentration 
gradient. 
 
The mechanism by which cholesterol leaves the membrane to bind to an 
acceptor (such as cyclodextrin) is thought to be via the movement of the 
cholesterol molecule out of the phospholipid surface to be completely 
surrounded by water.  This mechanism is slow because of the low probability 
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that the hydrophobic cholesterol will move into the less favourable environment 
of the aqueous surroundings.  Another mechanism, the activation-collision 
mechanism, where cholesterol is only partially surrounded by water and 
“captured” by an acceptor explains the rapid transfer of cholesterol to 
cyclodextrins.  The reason for this is that cyclodextrins may approach the 
bilayer surface more closely than another phospholipid membrane to capture the 
cholesterol molecule [101]. 
 
The uncertainty about the rate of flip-flop of chol through a simple phospholipid 
bilayer has led to the belief that some of the cholesterol-binding proteins in cell 
membranes may catalyze the otherwise slow movement of cholesterol within 
membranes.  However, considering the physical properties of chol, proteins that 
enhance chol transport are more likely to catalyze chol desorption than flip-flop.  
In a liquid crystalline phospholipid bilayer, cholesterol flip-flop is rapid, and 
desorption is slower by orders of magnitude.  Also, flip-flop rates are probably 
not uniform throughout a biological membrane and may be significantly slower 
in ordered regions such as those with high sphingomyelin content or in lipid 
rafts. 
 
 
   
 
 
 
 
 
 
 182 
6.2 Results 
6.2.1 Verification of the method with DPPC model membranes 
A 1H NMR solution state spectrum was taken of 50mol% cholesterol DPPC (fig 
6.1) such that peaks relating to the Chol and the DPPC that did not overlap 
could be identified.  A single peak (or set of peaks) was chosen for both Chol 
and DPPC.  These peaks could then be integrated and the change in peak 
intensity measured as a function of cyclodextrin (CD) exposure.  
 
 
Fig 6.1:  1H NMR spectrum 50mol%chol: DPPC sample after exposure to methyl-β-
cyclodextrin solution for four hours. 
 
The chol methyl group labelled A (1H, 0.67ppm) was integrated relative to all 
DPPC peaks (1H 3.9-4.4ppm) labelled G and F and the change in peak intensity 
measured with increased exposure of methyl-β-cyclodextrin solution to 
50mol%chol: DPPC samples.  Figure 6.2 depicts a test run with a CD solution 
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in excess.  The Chol peak was integrated relative to the DPPC peak and the 
result normalised to give the values shown.  The points were fitted with a first 
order exponential decay function in Origin 7.  
 
Fig 6.2:  1H integral (chol methyl A, fig 1) of 50mol%chol: DPPC systems with increased 
exposure of methyl-β-cyclodextrin solution to 50mol%Chol: DPPC samples, where 
cyclodextrin solution is in excess.  
 
NMR spectra of the CD solution and the resulting CD/Chol complex solutions 
were also taken (fig 6.3).  All are identical except the peak at 2.3ppm seen in the 
CD solution is not observed in any of the CD/Chol complex solutions, implying 
that the group (possibly the methyl group) associated to this peak may be 
directly related to the mechanism of cholesterol uptake. 
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Fig 6.3:  1H NMR spectra of cyclodextrin (CD) in D2O (bottom) and CD/Chol complexes in 
D2O extracted after 1 hour, 2 hour, 4 hour and overnight exposure of 50mol%Chol: DPPC to 
cyclodextrin solution. 
 
 
A second Chol: DPPC experiment was carried out where the cholesterol to 
cyclodextrin ratio (once added) was equal (fig 6.4).  This situation is thought to 
be pseudo first order, because the CD is in excess and hence does not affect the 
kinetic analysis. 
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Fig 6.4:  1H integral ratio (chol methyl A, fig 1) of 50mol%chol: DPPC systems with increased 
exposure of methyl-β-cyclodextrin solution to 50mol%chol: DPPC samples. Cyclodextrin: Chol 
= 1:1. 
 
The above graphs are all fitted with an exponential decay with the following 
equation: 
 
y = A1exp(-x/t1) + y0 
 
Giving the following data: 
 
 y0 A1 t1 (mins) 
Chol: CD excess 0.148 0.857 1.845  +/- 0.04 
Chol: CD 0.334  0.675 2.228 +/- 0.03 
Table 6.1:  Data extracted from the Chol: DPPC system studied with cyclodextrin solution. 
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The use of DPPC was discontinued, however, after deciding that the lipid 
should be in the fluid phase throughout the experiment.  The more Chol is 
removed from the system at room temperature, the more the system moves 
towards gel phase (fig 6.5).  The traversal across a gel-fluid phase transition will 
cause inconsistent results with respect to cholesterol desorption.  For this reason 
it was decided to use DOPC (with a Tm of -20°C) to take a further look at 
cholesterol desorption (see section 6.2.2). 
 
 
 
Fig 6.5:  DPPC: Chol phase diagram as described by Griffin et al [53]. 
 
6.2.2 Cholesterol desorption within DOPC model membranes: a control 
experiment 
The systems synthesized for these experiments were prepared via a standard 
lyophilization method to give MLV’s, hydrated with excess D2O and then 
sonicated for 30-40mins, breaking the MLV’s up into small fragments to allow 
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almost unhindered access to Chol by CD.  This should allow one of the kinetics 
of the desorption rate of cholesterol, without the presence of a flip-flop rate.  
The use of Chol: CD ratios will help establish the kinetics of chol uptake 
(desorption) and hopefully Chol flip-flop rate.  The ratios used were Chol: CD = 
2:1 (fig 6.6) Chol: CD 1:1 (fig 6.7) Chol: CD = 1:2 (fig 6.8) and Chol: CD = 1:4 
(fig 6.9).   
 
 
Fig 6.6:  1H integral ratio (chol methyl A, fig 1) of 50mol%chol: D0PC systems with increased 
exposure of methyl-β-cyclodextrin solution to 50mol%chol: DPPC samples.  Chol: CD = 2:1. 
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Fig 6.7:  1H integral ratio (chol methyl A, fig 1) of 50mol%chol: D0PC systems with increased 
exposure of methyl-β-cyclodextrin solution to 50mol%chol: DPPC samples.  Chol: CD = 1:1. 
 
 
 
Fig 6.8:  1H integral ratio (chol methyl A, fig 1) of 50mol%chol: D0PC systems with increased 
exposure of methyl-β-cyclodextrin solution to 50mol%chol: DPPC samples.  Chol: CD = 1:2. 
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Fig 6.9:  1H integral ratio (chol methyl A, fig 1) of 50mol%chol: D0PC systems with increased 
exposure of methyl-β-cyclodextrin solution to 50mol%chol: DPPC samples.  Chol: CD = 1:4. 
 
 
 
 
The shape of the curves sharpens with increased CD: Chol ratio, since with 
more CD present, more Chol may be removed at a faster rate.  Also with 
increased CD: Chol ratio the Chol/Chol0 value approaches zero.  For Chol/CD2, 
the value cannot approach zero as there is not enough CD present for the 
reaction to complete itself.  With increased CD: Chol present there is a greater 
probability of an un-complexed CD “meeting” a Chol molecule.   
 
The above results are all fitted with an exponential decay with the following 
equation: 
 
y = A1exp(-x/t1) + y0 
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Where A1 tells us the fraction of Chol that will be ultimately used up, and y0 
represents remaining Chol within the lipid systems after 12 hours of exposure to 
CD.  The Equation above gives rise to the data (the parameters are obtained via 
Origin 7) shown in Table 6.2. 
 
 
 y0 A1 t1 (mins) 
Chol:CD/2 0.579  0.424 1.436 +/- 0.05 
Chol:CD 0.223 0.778 1.110 +/- 0.01 
Chol:CDx2 0.054 0.948 0.952 +/- 0.04 
Chol:CDx4 0.037 0.961 0.681 +/- 0.07 
Table 6.2:  Data extracted from the four Chol:DOPC sonicated systems studied with 
cyclodextrin solution. 
 
 
 
The kinetics of the systems could be given by: 
 
[Chol] + [CD] → [Chol/CD complex] 
 
This is a second order mechanism for the consumption of Chol and is given by: 
                                                                        k1 
[Chol] [DOPC] ⇔  [Chol] 
                   k-1 
                                                        k2 
[Chol] [CD] →  [Chol/CD complex] 
 
Where k1 is the rate-determining step and k2 is the fast step.   The rate of the 
reaction may be given by: 
 
R = k [Chol] [CD] 
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Where k is given by: 
 
k =    k1k2 
                                                                k-1 + k2 
 
The rate law for the consumption of Chol is given by: 
 
d[Chol/CD complex]  = -k[Chol] [CD] 
                                                          dt 
 
 
6.2.3 Cholesterol desorption within DOPC model membranes: LUV’s and 
MLV’s 
 
DOPC LUV’s were prepared via extrusion and DOPC MLV’s were prepared 
via lyophilisation.  The samples were then split into 5 equal sections and the 
sections exposed to a fixed pre-prepared CD aqueous solution. 
 
Fig 6.10:  1H integral ratio (chol methyl A, fig 1) of 50mol%chol: D0PC LUV systems with 
increased exposure of methyl-β-cyclodextrin solution to 50mol%chol: DOPC samples.  Chol: 
CD = 2:1. 
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Fig 6.11:1H integral ratio (chol methyl A, fig 1) of 50mol%chol: D0PC LUV systems with 
increased exposure of methyl-β-cyclodextrin solution to 50mol%chol: DPPC samples.   Chol: 
CD = 1:4.   
 
Again, the shapes of the curves sharpen with increased CD:Chol ratio, since 
with more CD present, more Chol may be removed at a faster rate.  Also with 
increased CDx4: Chol ratio the Chol/Chol0 value approaches zero.  For 
Chol/CD2, the value cannot approach zero as there is not enough CD present 
for the reaction to complete itself.   
 
Again the results derived are fitted with an exponential decay with the 
following equation: 
 
y = A1exp(-x/t1) + y0 
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Where A1 represents the fraction of the Chol that will ultimately be used up and 
y0 represents remaining chol within the lipid systems after 12 hours of exposure 
to CD.  The Equation above gives rise to the data shown in Table 6.3. 
 
 
 y0 A1 t1 (mins) 
Chol:CD/2 0.659 0.749 1.414 ± 0.03 
Chol:CDx4 0.074 0.928 0.714 ± 0.03 
Table 6.3:  Data extracted from the two LUV Chol: DOPC systems studied with cyclodextrin 
solution. 
 
 
Finally Chol desorption with CD was done with MLV’s, using the same 
Chol:CD ratio’s as with LUV’s for comparison.  The data is shown in fig 6.12 
and fig 6.13. 
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Fig 6.12:  1H integral ratio (chol methyl A, fig 1) of 50mol%chol: D0PC MLV systems with 
increased exposure of methyl-β-cyclodextrin solution to 50mol%chol: DPPC samples.  Chol: 
CD = 2:1. 
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Fig 6.13:  1H integral ratio (chol methyl A, fig 1) of 50mol%chol: D0PC MLV systems with 
increased exposure of methyl-β-cyclodextrin solution to 50mol%chol: DPPC samples. Chol: 
CD = 1:4.  
 
 
For MLV’s very little change in NMR signal was observed, indicating that little 
cholesterol was removed.  This is intuitive as MLV’s are by definition multi-
layered and so the CD has only real access to the outer layer of the system.  
Chol desorption by CD with MLV’s is therefore far less efficient than with 
LUV’s or with sonicated systems. 
 
The results derived are fitted with an exponential decay function, as before with 
the following equation: 
 
y = A1exp(-x/t1) + y0 
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Where A1 represents the fraction of Chol that will be used up, and y0 represents 
remaining Chol within the lipid systems after 12 hours of exposure to CD.  The 
equation above gives rise to the data shown in Table 6.4. 
 
 
 
 y0 A1 t1 (mins) 
Chol:CD/2 0.976 0.237 0.540 ± 0.03 
Chol:CDx4 0. 0.928 0.581 ± 0.07 
Table 6.4:  Data extracted from the two MLV Chol:DOPC systems studied with cyclodextrin 
solution. 
 
 
6.2.4 Determination of the cholesterol flip-flop rate from t1 
The sonicated systems, where the vesicles have been broken up, thus giving CD 
an unhindered access to cholesterol molecules within the samples, may be used 
as a baseline to extract a time range for cholesterol flip-flop and the steric 
hindrance related to the MLV samples.    
 
Tchol F/F  = t1cholLUV – t1cholSON 
Taking the t1 values and applying above the equation for Chol: CD/2 and Chol: 
CDx4 gives a TcholF/F time of 1.32 minutes for Chol: CD/2 and 1.98 minutes for 
Chol: CDx4, thus giving a flip-flop rate of between 1-2 minutes.  However, 
given the errors present in the data (systematic), the difference between the 
values of the unhindered Cholesterol with that residing in DOPC LUV systems 
is not large enough to give a significantly accurate figure for cholesterol flip-
flop in minutes, however this data does indicate that flip-flop is rapid and 
occurs within minutes rather than hours. 
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6.2.5 Engineering Asymmetric vesicles 
 
The emulsion method: 
 
This is a 3-phase method proposed by Pautot et al [75] (Fig 6.14).  In its 
original form, the emulsion method only allowed very small amounts of sample 
to be prepared (~2-3mg), which is not viable for NMR experiments.  The 
concentrations of both the emulsion and intermediate phase was increased by a 
factor of 10 (in the hope of yielding 20-30 mg samples), however this system 
was not robust enough for such an increase and observation suggests that with 
higher concentrations vesicles “bud off” from the bottom of the intermediate 
phase and pass into the aqueous phase forming symmetrical vesicles made up of 
a single lipid.  It is also unclear as to how efficient the passage is from the 
emulsion phase through to the intermediate phase. 
 
Fig 6.14: Engineering asymmetric lipid vesicles method as proposed by Pautot et al [75]. 
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Fig 6.14a:  An example of the spectra derived from the modified emulsion method.  All 
experiments were done at 298K. 
 
 
 
 Split glass slides method: 
 
This method (fig 6.15), while simple in principle also has its problems.  
Although the sample yield is high enough for NMR experiments, removing the 
lipid from the slides is not facile, where sonication may remove any asymmetry 
present.  Also, when the slides are split, the interaction between the two lipids 
must be greater than the force exerted when splitting the slides.  However, 
further work in this area has been proposed with the use of cyclodextrins.   
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Fig 6.15: Pictorial view of the split glass slides method. 
 
 
Fig 6.15a: An example of the spectra derived from the modified emulsion method.  All 
experiments were done at 298K. 
  
 
6.2.6 Paramagnetic experiments to determine asymmetry 
 
Paramagnetic ions may be used in NMR as signal quenchers.  In the case of 
lamellar phase systems within lipids this may help establish the presence (or 
absence) of a particular lipid on the outer layer of the lamellar phase.  It was 
thought that paramagnetic ions would interact with the headgroup region for 
both electrostatic and steric reasons, hence 31P was the nucleus studied for these 
experiments.        
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Fig 6.16: Comparison of 31P MAS spectrum of a hydrated DPPC system derived before the 
paramagnetic ion with that of a spectrum derived of a hydrated DPPC system in the presence of 
the Fe3+ ion.  FeCl3 solution.    
 
 
A number of experiments were undertaken, adding FeCl3 in both its solid and a 
hydrated (with D2O) form.  Figs 6.16 and 6.17 are examples of the data derived, 
however no change in the signal strength is observed upon the addition of the 
signal quencher in either 31P MAS experiments or 31P static experiments.  This 
result occurred with both DPPC and DOPC samples so it is not thought that 
phase behaviour is an issue here (at room temperature DPPC is in the gel phase 
whereas DOPC is in the fluid phase). 
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Fig 6.17: Comparison of 31P static spectrum of a hydrated DPPC system derived before the 
paramagnetic ion with that of a spectrum derived of a hydrated DPPC system in the presence of 
the Fe3+ ion.  FeCl3 solution.   
 
It is unclear exactly why no quenching of the signal was observed in the 
presence of FeCl3 given that Fe3+ is highly paramagnetic but there may be 
electrostatic reasons, which are discussed further in section 6.3.4.  
 
Fe2+ ions and Cu2+ ions were also attempted prior to the use of Fe3+.  However, 
given that Fe3+ has greater paramagnetic properties it is unsurprising that these 
ions also failed to alter the signal strength in either DOPC or DPPC hydrated 
samples prepared. 
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6.3   Discussion 
 
6.3.1 Formation of the Cyclodextrin: Chol complex: 
 
As previously stated, cyclodextrins are water-soluble cyclic oligosaccharides 
composed of 6, 7, or 8 glucose units (defined as α, β and γ respectively).  This 
work concerns the use of methyl-β-cyclodextrin since this cyclodextrin has the 
highest affinity for cholesterol.   
 
Because of their torus-shaped structure, cyclodextrins are able to maintain a 
hydrophobic cavity even though the external section is hydrophilic.  It is this 
structure that allows methyl-β-cyclodextrin to include hydrophobic compounds 
such as cholesterol (which has a low solubility in water of approximately 10nm 
at room temperature [102]) to form water soluble Chol: Cyclodextrin inclusion 
complexes. 
 
This work studied the Chol: cyclodextrin complex solutions formed when a 
Chol: DOPC model membrane (formed via the extrusion method) was exposed 
to an aqueous methyl-β-cyclodextrin solution for 1hour, 2 hours, 4 hours and 
overnight using 1H solution state NMR.  A 1H NMR was also taken of the 
methyl-β-cyclodextrin solution prior to exposure to the Chol: DOPC model 
membrane.  All 5 spectra were compared and are shown in figure 6.16. 
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Fig 6.18: Comparison of CD solution with CD:Chol complex solutions extracted after 1 hour, 2 
hours 4 hours and overnight. 
 
The peak seen at approximately 2.3 ppm is present in the aqueous methyl-β-
cyclodextrin solution but is not seen in any of the cyclodextrin: Chol complex 
solutions tested.  It may therefore be proposed that the methyl group present in 
methyl-β-cyclodextrin is directly involved in cyclodextrin: Chol complex 
formation, where the molecular structure of the complex formed is shown in fig 
6.19 over page.  
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Fig 6.19:  Proposed molecular structure for the CD: Chol complex.  
 
Previous studies have viewed the mechanism by which cholesterol binds to an 
acceptor as the same as that of fatty acids.  Cholesterol moves out of the 
phospholipid surface to become completely surrounded by water, probably in 
the form of a clathrate cage.  However, cholesterol is a hydrophobic molecule 
and so the probability of cholesterol completely escaping into a hydrophilic 
environment is low.  Another mechanism, called the activation collision 
mechanism, explains the rapid transfer of cholesterol to methyl-β-cyclodextrin.  
Cholesterol only partially surrounds itself in water at which point it is captured 
by methyl-β-cyclodextrin, which can approach the bilayer very closely to pick 
up the projected cholesterol molecule.  This work has found cholesterol 
desorption to be rapid (see section 6.3.2), thus supporting the activation 
collision mechanism. 
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6.3.2 The rate of flip-flop of cholesterol in model DOPC membranes 
 
Because the headgroup region of cholesterol is simple when compared to 
phospholipid headgroups, the measurement of cholesterol flip-flop is not facile.  
Cholesterol is not a highly polar molecule, indicating a fast flip-flop within a 
phospholipid membrane.  Previous studies have overcome the problem of the 
simplicity of the cholesterol headgroup by using derivatives such as spin 
labelled analogues of androstane and cholestane, or dihydroergosterol (which 
has intrinsic fluorescence) to measure cholesterol flip-flop within membranes.  
However, because these methods are using analogues, the steric and 
electrostatic differences between these analogues and cholesterol may alter or 
affect the flip-flop rate.  A bulkier analogue will slow down the rate of flip-flop 
for steric reasons, as will a headgroup, which is more polar than that of 
cholesterol for electrostatic reasons (see table 6.5). 
 
The nature of the phospholipids has also been found to alter the flip-flop rate of 
cholesterol.  A previous study [103] has shown that flip-flop rate is significantly 
slower in DMPC vesicles with respect to POPC vesicles.  These results indicate 
that hydrocarbon tail length and/or the phase state of the phospholipid 
membrane has a direct effect on the flip-flop rate of cholesterol.  It is for this 
reason that DOPC was used throughout this work, not only to enable accurate 
comparison of data but because DOPC remains in the fluid phase at room 
temperature (DOPC has a Tm of -20°C). 
The data presented here gives a flip-flop rate of cholesterol within DOPC 
LUV’s to be fast.  This result compares well with data presented by Silvius et al 
[100] (see table 6.5), who measured the kinetics of cyclodextrin-mediated 
cholesterol transfer between LUV’s of SOPC or SOPC: Chol.  The work 
presented here has the advantage of using cholesterol in all experiments rather 
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than cholesterol derivatives.  The use of solution state NMR is also 
advantageous as it is a non-perturbing method by which to analyse dynamic 
systems, whereas other methods require the use of cholesterol derivatives or 
fluorescent probes.  This result was also achieved without the need for 
donor/acceptor vesicles, which may cause more complex kinetics than those 
required for this study. 
 
Sterol Membrane T1 Ref  
Cholesterol LUV 
erythrocytes 
1-2mins 
<1s 
[100] 
[101] 
dihydroergosterol SUV 20-50s [63] 
3β-doxy-5α-
cholestane 
SUV 
erythrocytes 
<30s 
<30s 
[62] 
[62] 
3-doxyl-17β-
hydroxy-5α-
androstane 
SUV 
erythrocytes 
<30s 
~4mins 
[62] 
[62] 
Cholic acid SUV 140ms [65] 
Deoxycholic acid SUV 7ms [65] 
Chenodeoxycholic 
acid 
SUV 5ms [65] 
 
Table 6.5:  A comparison of the half times for the flip-flop rate of cholesterol, cholesterol 
derivatives and bile acids in phospholipid vesicles and cell membranes. 
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 It should be noted that cholesterol flip flop has been shown to be significantly 
slower in model membranes than that of erythrocytes (silvius et al).  This 
indicates that a model membrane may not accurately represent biological 
conditions, but may only be used as a guide.  However, biological membranes 
are highly complex and reproduction within laboratory conditions would not be 
facile. 
 
6.3.3:  Synthesis of asymmetric vesicles 
 
As previously stated, model membranes prepared via sonication, extrusion, 
swelling and reverse evaporation all result in the production of symmetric 
vesicles, with the lipids distributed evenly throughout the outer and inner 
membrane leaflets.  However, studies have shown biological membranes to be 
asymmetric and so the syntheses of these membranes have the potential to 
greatly improve our understanding of the properties and dynamics of biological 
membranes. 
 
Pautot et al described a promising method for engineering asymmetric lipid 
vesicles (described in section 3.3.2) [75].  However, the method, once tried, was 
shown to have its limitations for analysis via the use of solid state NMR.  NMR 
is a relatively insensitive analytical tool, requiring a sample of 20-30mg to be 
present in a 4mm rotor in order to result in a good signal to noise ratio.  Given 
that this method described a final concentration of 0.05mg/ml this concentration 
level was not going to be valid for use with solid state NMR.  An increase in 
concentration by a factor of 10 was attempted to correct this problem and 1H 
NMR experiments carried out, but no asymmetry within the synthesised 
vesicles could be observed within the derived spectra.  It is thought that this 
method, because it was designed originally for fluorescence assay, was not 
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robust enough to withstand such an increase in lipid concentration which may 
result in vesicles “budding off” from the bottom of the intermediate phase and 
pass into the aqueous phase forming symmetrical vesicles made up of a single 
lipid.  However the use of NMR may also have been a contributory factor in the 
absence of asymmetry observed within the spectra, given that NMR picks up 
signal from both monolayers of the phospholipid membrane. 
 
A second method attempted, as described in section 3.3.2, was designed “in 
house”; the split glass slides method.  However, again 1H solid state NMR 
experiments showed no asymmetry within the spectra derived.  It was found 
that separation of the lipids from the glass slides was not facile and while 
sonication would be the easiest solution to the problem, this method was most 
likely to remove any asymmetry from the lipid vesicles or worse break the 
vesicles up into smaller segments.  Also, because of the polar nature of the lipid 
headgroups, the interaction of the lipid with the glass slide would be 
comparatively higher than the interactions present between the lipid monolayers 
when the glass slides are pressed together, meaning that upon washing with 
water, two sets of vesicles are formed from each glass slide made up of a single 
lipid.  However the use of NMR may also have been a contributory factor in the 
absence of asymmetry observed within the lipid vesicles.  This is discussed in 
more detail below.   
 
Previous studies have largely involved the use of fluorescence quenching assays 
to assess the presence of asymmetry within synthesized model membranes.  
Given that NMR experiments give signals from both layers of a phospholipid 
bilayer it was thought that the use of paramagnetic quenching agents would be a 
most promising method to quantify the presence of asymmetry within a lipid 
membrane.  This is described in more detail below (section 6.3.4) 
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6.3.4 Paramagnetic NMR experiments to quantify asymmetry within a 
model membrane 
 
In NMR, paramagnetic ions may act as signal quenchers within the spectrum.  
Molecular complexes are defined as paramagnetic if they tend to move into a 
magnetic field.  The extent of paramagnetism is often reported in terms of the 
magnetic dipole moment where the higher the magnetic dipole moment the 
greater the paramagnetism of the system.  The table below (table 6.6) shows the 
spin-only magnetic moments of 5 d-block elements in their 3+ oxidation state. 
 
 
  µ/µB (exp) µ/µB (calc) 
d1 Ti3+ 1.7-1.8 1.78 
d2 V3+ 2.7-2.9 2.83 
d3 Cr3+ 3.8 3.87 
d4 Mn3+ 4.8-4.9 4.90 
d5 Fe3+ 5.9 5.92 
 
Table 6.6:  The calculated and experimental values for the spin-only magnetic moments of 5 d-
block elements in the 3+ oxidation state [4]. 
 
Based on the data shown above, the complexes of Fe3+ ion are shown to have 
the greatest paramagnetic properties of the d-block elements shown.  FeCl3 is 
readily available and dissolves easily in D2O.  It is a hexagonal high-spin d5 
complex with the electronic high spin configuration of t2g3eg2, with all the 
electrons unpaired within the d-orbitals (fig. 6.20).  It is for this reason many 
complexes of Fe3+ are highly paramagnetic. 
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Fig 6.20: Diagrammatic view of the position within the d-orbitals of the 5 electrons in a Fe3+ 
high-spin complex. 
 
 
 
In the case of the lamellar phases formed in this work with DOPC and DPPC 
model membranes, Fe3+ ions may only interact with the outer layer of the 
phospholipid bilayer, the inner layer being inaccessible to the aqueous Fe3+ 
complex solution.  Previous study has shown that flip-flop within the 
phospholipid bilayer is slow with respect to the NMR timescale (flip-flop of 
phospholipids has been measured to occur over hours).  Therefore, if one 
assumes all lipids on the outer layer of the lipid bilayer interact with the Fe3+ 
complex ions then the NMR signal derived should be reduced by approximately 
half, however even if this is not the case a reduction in signal should be 
observed.  However, no change in signal was observed from the 31P spectrum 
derived of a lamellar lipid bilayer of DPPC at 25°C in the presence of the Fe3+ 
complex ions when compared with a NMR spectrum taken in the absence of the 
complex ions.  It is not completely clear as to why no change in signal occurred, 
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however it is thought that binding of the Fe3+ ion to the phospholipid head 
group did not occur, possibly for steric or (more likely) electrostatic reasons. 
 
Finally, it should be noted that should this method be perfected via the trial of 
other paramagnetic ions (such as those in the f-block such as Eu ions), this 
method could quantify the degree of asymmetry within a lipid membrane via 
the careful choice of lipid headgroups (i.e. polar vs. non-polar and anionic vs. 
cationic) which would, based on the findings of this work, affect the efficiency 
of the binding of the Fe3+ ion to the lipid headgroup.  The degree of signal 
reduction present in the NMR spectra derived may also be used to quantify the 
degree of interaction between the lipid headgroup and the Fe3+ ion.  
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6.4   Summary and conclusions 
 
The use of solution state 1H NMR combined with methyl-β-cyclodextrin for 
analysis of the flip-flop rate of cholesterol in model DOPC membranes has 
proved highly useful.  Because NMR is non-perturbing, analysis of flip-flop rate 
could be done on cholesterol, rather than requiring cholesterol derivatives, 
which are structurally different from cholesterol and may give a misleading 
result as to the actual kinetics of cholesterol flip-flop.  This work also did not 
require the use of donor/acceptor vesicles which may complicate the kinetic 
analysis of cholesterol flip-flop.  The work presented here used first order 
kinetic analysis to deduce the rate of cholesterol flip-flop, resulting in an 
average flip-flop rate of 1-2 minutes.  This flip-flop rate is rapid when 
compared to the flip-flop of phospholipids within membranes, and supports 
previous studies, particularly that of Silvius et al.  Other studies have 
successfully measured transbilayer movement of phospholipids in membranes 
[104, 105]    
 
The synthesis of asymmetric vesicles proved to be non-facile, despite the use of 
two different methods, the emulsion method and the split-glass slides method.  
Previous studies have used fluorescent probes to analyse the presence of 
asymmetry, including Pautot et al whose method was modified for use in this 
work.  However, the main aim of this work was to make use of the fact that 
NMR is a non perturbing analysis tool, thus allowing the use of “natural” lipids 
throughout the membrane without the presence of synthetic phospholipid 
probes, with the hope that a membrane synthesised would represent a biological 
membrane with more accuracy.  However, the emulsion method was not robust 
enough to withstand the concentration increase required to provide a sample for 
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NMR.  The split-glass slides method also proved difficult in practise for 
electrostatic reasons, also resulting in the synthesis of symmetric vesicles.   
The use of paramagnetic ions to quantify asymmetry within a model membrane 
also proved difficult.  Despite careful choice of paramagnetic ion (Fe3+), no 
change was observed within the NMR signal of a 31P solid state NMR upon 
addition of a FeCl3 solution.  Given that paramagnetic ions are known to be 
signal quenchers it is unclear as to why this occurred.  Further work in this area 
may produce more success with the trial of lipids with differing headgroups, 
such as those with cationic versus those with anionic headgroups.   However, 
again the problem of synthesising an asymmetric vesicle would still remain.   
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Chapter 7 
 
Overview and further work 
 
The work presented here has examined the phase behaviour and dynamics of 
DPPC: Andro and DPPC: 4β-hydroxycholesterol binary systems and has 
compared these systems with that of the DPPC: Chol binary system previously 
studied.  Two phase diagrams have been produced for the DPPC: Ando and the 
DPPC: 4β-hydroxycholesterol systems. 
 
Both Andro and 4β-hydroxycholesterol have demonstrated the ability to fluidise 
the gel (Lβ) phase of DPPC, in a similar manner to that of cholesterol.  Just like 
in the presence of cholesterol, an Lo phase is observed within the DPPC: Steroid 
system with sufficient concentrations of either Ando or 4β-hydroxycholesterol, 
however a pure Lo phase is observed at higher temperatures for both steroids 
when compared to that of cholesterol in the presence of DPPC.  This suggests 
that both Andro and 4β-hydroxycholesterol have a lower affinity for DPPC than 
cholesterol.  The reasons for this are structural in the case of Andro, which does 
not have the hydrocarbon tail that cholesterol does; and electrostatic in the case 
of 4β-hydroxycholesterol (due to the extra hydroxy group), which has an extra 
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hydroxyl group at its headgroup region, creating repulsive forces between the 
phospholipid and 4β-hydroxycholesterol headgroups.  
 
Further work in this area could include an analysis of ternary systems such as 
DPPC: Andro: SM and DPPC: 4β-hydroxycholesterol: SM.  This would provide 
further information on how the structural nature of cholesterol affects and 
controls the Chol: SM interaction.  The increased interaction of cholesterol to 
SM over a PC with a similar chain composition has been studied [108-110], 
however not via the analysis of SM interactions with cholesterol derivatives 
such as Andro and 4β-hydroxycholesterol. 
 
This work has also presented a novel method for the measurement of 
cholesterol flip-flop in model DOPC systems.  This method used solution state 
NMR, where, unlike many previous methods [59, 62-64, 106], no cholesterol 
derivative was required for the experiments.  Later work also attempted 
experiments designed in order to determine and quantify the degree of 
asymmetry within a model membrane made up of two or more lipids.  This was 
to be attempted via paramagnetic NMR experiments, where once more no lipid 
derivative would be required (such as those required for fluorescence 
experiments).  These experiments proved unsuccessful, however further work in 
this area may prove fruitful with a study of other paramagnetic ions than those 
covered in this work, such as those within the f-block of the periodic table.  A 
reproducible method for synthesizing an asymmetric membrane which gives a 
sample size required for NMR could also be developed further. 
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